Spectroscopy of ⁵⁵Cr from direct reaction and gamma ray studies by Rosalky, David Marcus
SPECTROSCOPY OF 55Cr FROM DIRECT REACTION 
AND GAMMA RAY STUDIES
David Marcus Rosalky
A Thesis submitted for the 
Degree of Doctor of Philosophy 
at The Australian National University, 
Canberra, A.C.T.
March 1971
"... possessing characterizing marks well defined, and some
properties which may render it applicable to the arts."
From an article entitled: "On a new metallic substance
contained in the red lead of Siberia, to which it is proposed to 
give the name of Chrome, on account of the property it possesses 
of colouring every substance combined with it".
by M. Vauquelin,
Philosophical Magazine, volume 1 (1798), p.279.
iPREFACE
This thesis describes a series of experiments carried out 
in the Department of Nuclear Physics at the Australian National 
University using the EN tandem Van de Graaff accelerator facility»
The work was performed under the supervision of Dr. D.J. 
Baugh until his departure in October 1969 , whereupon the task was 
undertaken by Dr. J.M. Morris.
The experiment in chapter III was suggested by Dr. J. 
Nurzynski and the laboratory work was shared with Drs. Baugh and 
Nurzynski. The data reduction and analysis were performed by the 
author with advice and guidance in the theoretical aspects by 
Dr. B.A. Robson of the Department of Theoretical Physics. Computer 
programs employed in the analysis were written by Dr. Robson and 
Dr. P.D. Kunz of the University of Colorado, with some modification 
by the author.
The gamma ray studies represent the author's work alone. 
Assistance was provided in the early stages by Dr. Baugh and after­
wards by Dr. T.R. Ophel. The line shape analysis programs were 
developed by Dr. Ophel.
Some of the work described in Chapter III has been
reported in the following publication:
"j-dependence of i = 1 Transitions in the 5l+Cr(d ,p) 55Cr 
Reaction", D.M. Rosalky, D.J. Baugh, J. Nurzynski and 
B.A. Robson, Nucl. Phys. A142 (1970) 469.
The optical model program FIDEL has been described in:
"An Optical Model Search Code with Spin-Orbit Terms for Spin-^ 
and Spin-1 Particles", D.M. Rosalky, A.N.U. Report, ANU-P/500 
(1970).
An experiment which does not appear in this thesis was 
reported in the following publication:
ii
"Spin of the 2.78 MeV State in 1 %e", D.J. Baugh, J. Nurzyriski, 
C.H. Osman and D.M. Rosalky, Aust. J. Phys. 22_ (1969) 555.
No part of this thesis has been submitted for a degree at
any other university.
h: P*
D.M. Rosalky
Canberra 
March, 1971
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VABSTRACT
S p e c t ro s c o p ic  in fo rm a t io n  on the  s t a t e s  o f  55Cr below 3 MeV 
e x c i t a t i o n  has been d e r ive d  from two d i v e r s e  i n v e s t i g a t i o n s ;  namely 
th e  o b s e rv a t io n  o f  j -dependence  in  the  r e a c t i o n  54C r ( d , p ) 55Cr and, 
seco n d ly ,  from the  e l e t ro m a g n e t i c  decay scheme as de te rmined  by the  
r e a c t i o n  54C r (d ,p y ) 55Cr.
In the f i r s t  exper iment ,  a n g u la r  d i s t r i b u t i o n s  o f  deu te rons  
s c a t t e r e d  from 54Cr,  and of  p ro tons  from the  54C r ( d , p ) 55Cr r e a c t i o n  
have been s im u l ta n e o u s ly  measured a t  8 MeV and 11 MeV bombarding 
e n e r g i e s .  In an o p t i c a l  model a n a l y s i s  per formed on th e  e l a s t i c  
s c a t t e r i n g  d a t a ,  the  d i s c r e t e  and con t inuous  p a ra m e te r  am b ig u i t i e s  
are s tu d i e d  in  terms o f  the  q u a l i t y  of  th e  f i t s  t o  the  angu la r  d i s ­
t r i b u t i o n s  and th e  p r e d i c t i o n s  o f  the  r e fo rm u la te d  o p t i c a l  model.  I t  
i s  shown t h a t  l i t t l e  in fo rm a t io n  can be ga ined  from t h i s  a n a l y s i s  
about  the  s p i n - o r b i t  term in  the  o p t i c a l  p o t e n t i a l .
E m pir ica l  r u l e s  a re  ap p l ied  t o  the  observed  j-dependence  in  
th e  £ = 1 and £ = 3 (d ,p)  t r a n s i t i o n s  in  o r d e r  to  t e n t a t i v e l y  a s s ig n  
sp in s  t o  s e v e r a l  o f  the  s t a t e s .  In a subsequen t  DWBA a n a l y s i s  i t  i s  
shown t h a t  an ad jus tment o f  the e l a s t i c  s c a t t e r i n g  p a ram e te r s  i s  
r e q u i r e d  in  o r d e r  t o  f i t  the  backward angle  r e g io n s  o f  the  r e a c t i o n  
d i s t r i b u t i o n s ,  and hence the  £ = 1 j - d e p e n d e n c e . The r o l e  o f  the  
deu te ron  s p i n - o r b i t  fo rce  i s  i n v e s t i g a t e d  and i t  i s  found t h a t  an ab­
normal ly  smal l  geometry,  which has been used  p r e v i o u s l y  by o th e r  
a u t h o r s ,  i s  r e q u i r e d .
S ta b l e  a b s o lu t e  va lues  o f  th e  s p e c t r o s c o p i c  f a c t o r s  a re  ob­
t a i n e d  by imposing th e  m a t t e r  r a d iu s  r e l a t i o n s h i p  o f  th e  r e fo rm u la te d  
o p t i c a l  model on t h e  geometry o f  the  bound s t a t e  p o t e n t i a l .  By em­
p lo y in g  th e  s p e c t r o s c o p i c  f a c t o r  sum r u l e s  and th e  r e s u l t s  o f  p ickup
vi
reactions on 54Cr, a description of the ground state of that nucleus 
is developed in terms of the configuration of the last two neutrons. 
The spectrum of 55Cr is then explained in terms of the fragmentation 
of single particle states coupled to the 54Cr core.
The electromagnetic decay scheme of levels up to 2.7 MeV 
excitation is deduced from the measurement of a proton-gamma ray 
coincidence spectrum from the reaction 54Cr(d,py)55Cr. A line shape 
analysis is performed on the spectra associated with each state and 
branching ratios are extracted. A previously unobserved state at 
1.135 MeV is proposed and a probable spin-parity assignment of 7/2 
is made on the grounds of the decays to and from the state. Consis­
tency between the decay scheme and the results of the (d,p) experi­
ment is discussed, and the level energies, derived from the gamma ray 
work, are compared with earlier results.
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1CHAPTER I 
INTRODUCTION
Nuclear physics research follows two general paths of 
endeavour, which are concerned respectively with the intrinsic prop­
erties of nuclei and the nature of their mutual interaction. In 
nuclear structure studies, a model is developed to describe the 
motion of the nucleons, and so predict the values of such observ­
ables as the excitation energies of the states, their spins, 
parities, electromagnetic moments, decay branches and lifetimes.
Each model is characterized by one or more distinctive assumptions 
which in general reflect in the values of the observable properties. 
For example, in rotational models, the nucleus is non-spherical and 
so has an electric quadrupole moment of finite magnitude; the 
individual particle model assumes a small number of non-interacting 
nucleons outside a tightly bound spherical core, giving rise to a 
sequence of well separated single particle levels which contain no 
configuration mixing. The availability of experimental information 
is a prerequisite to theoretical investigations of nuclear structure 
for assessing the applicability of various models to a particular 
nucleus.
The second aspect of research involves the study of 
reaction mechanisms and is concerned with the exact nature of the 
interaction between nuclei, as displayed in the excitation functions 
and angular distributions of the cross-section and polarization of 
the reaction products. As a rule, the description depends on gross 
properties of the nuclear states such as the transmission coeffic­
ients used in the Hauser-Feshbach theory of compound nucleus 
reactions. Alternatively, detailed intrinsic properties may be
2i n c o r p o r a t e d  as a d j u s t a b l e  p a ram ete rs  o f  the  t h e o ry ;  f o r  example,  
t h e  reduced widths  o f  re sonance  channe ls  o r  s p e c t r o s c o p i c  f a c t o r s  in  
d i r e c t  r e a c t i o n s .
There are many a reas  o f  o v e r l a p  where th e  r e s u l t s  o f  
i n v e s t i g a t i o n s  i n t o  one a spec t  p ro v id e  complementary and c o r r o b o r a ­
t i v e  i n fo rm a t io n  f o r  the  o t h e r .  On t h e  one hand,  a n a l y s i s  o f  
r e a c t i o n  d a t a  p rov ides  v a lu e s  o f  th e  p a ram e te r s  o f  th e  s t a t e s  
invo lved ;  on the  o t h e r ,  d e t a i l s  o f  n u c l e a r  f o r c e s  may be d e r iv e d  by 
s tu d y in g  r e a c t i o n s  which connect  s t a t e s  of  known wave f u n c t i o n .
Examples o f  the  i n t e r p l a y  a r e  common, and some i n s t a n c e s  
a re  given h e r e :
( i )  the  s t r e n g t h  o f  the  t . T  i n t e r a c t i o n  can be a s c e r t a i n e d  by 
p o p u l a t i n g  analogue s t a t e s  v i a  (p ,n )  o r  ( 3H e , t )  r e a c t i o n s ,  p ro v id e d  
the  magnitude o f  i s o s p i n  mixing i s  known;
( i i )  because  o f  the  same t h e o r e t i c a l  o r i g i n s ,  t h e  s i n g l e  p a r t i c l e  
p o t e n t i a l s  of  th e  s h e l l  model and the  n u c l e o n -n u c le u s  o p t i c a l  model 
a re  c l o s e l y  r e l a t e d ,  and a re  expec ted  t o  have t h e  same geometry and 
s i m i l a r  s t r e n g t h s .  This  e s t a b l i s h e s  a c o n n ec t io n  between th e  two 
f i e l d s  and demands t h a t  t h e  r e s u l t s  o f  a n a l y s e s  of  s i n g l e  p a r t i c l e  
l e v e l s  i n  n u c l e i  and d i r e c t  e l a s t i c  s c a t t e r i n g  o f  nuc leons  be 
m u tua l ly  c o n s i s t e n t ;
( i i i )  t h e  s tu d y  o f  d i r e c t  nuc leon  t r a n s f e r  r e a c t i o n s  p ro v id e s  
in fo rm a t io n  on th e  quantum numbers o f  the  o r b i t  o f  th e  t r a n s f e r r e d  
p a r t i c l e  and th e  s t r e n g t h  o f  th e  s i n g l e  p a r t i c l e  component i n  the  
r e s i d u a l  s t a t e .
The l a s t  p o i n t  i s  o f  p a r t i c u l a r  r e l e v a n c e  to  th e  work in  
t h i s  t h e s i s .  The va lue  o f  d i r e c t  r e a c t i o n s  in  s p e c t ro s c o p y  was 
dem onst ra ted  in  the  o r i g i n a l  t h e o ry  o f  B u t l e r  [B u S l ] , in  which i t  
was shown t h a t  a ngu la r  d i s t r i b u t i o n s  a r i s i n g  from such r e a c t i o n s  a re
3s t r o n g l y  peaked a t  a forward angle which i s  c h a r a c t e r i s t i c  o f  th e  
t r a n s f e r r e d  o r b i t a l  angu la r  momentum» In subsequen t  more s o p h i s t i ­
ca t e d  t r e a t m e n t s ,  as in  the  d i s t o r t e d  wave Born approxim ation  (DWBA), 
i t  became p o s s i b l e  t o  e x t r a c t  the  r e l a t i v e  reduced  width  o r  s p e c t r o ­
sc o p ic  f a c t o r  of  the  f i n a l  s t a t e ,  by comparing p r e d i c t e d  and e x p e r i ­
mental  v a lu e s  o f  th e  abso lu te  c r o s s - s e c t i o n .  More r e c e n t l y ,  an 
e m p i r i c a l  dependence on the  t o t a l  t r a n s f e r r e d  a n g u la r  momentum, j ,  
has been observed ,  which,  al though n e i t h e r  as w e l l  e s t a b l i s h e d  nor  
o f  as g en e ra l  a p p l i c a t i o n  as the  ^ -dependence , has proven to  be of  
g r e a t  va lue  in  s pec t ro scopy .
The purpose of  much o f  the  work performed in v o l v in g  d i r e c t  
r e a c t i o n s  has been to  examine th e  v a l i d i t y  of  th e  many approxima­
t i o n s  i n c o rp o r a t e d  i n t o  the  t h e o r i e s .  The most im p o r tan t  assumption 
in  the  DWBA i s  th e  replacement o f  the  e x ac t  wave f u n c t i o n s  d e s c r i b ­
ing the  i n c i d e n t  and outgoing channe ls  by o p t i c a l  model wave 
f u n c t i o n s  d e r iv e d  from ana lyses  of  e l a s t i c  s c a t t e r i n g  d a t a .  S t r i c t ­
l y ,  t h e r e  a re  two assumpt ions  implied  in  t h i s  s t e p .  The f i r s t  i s  
t h e  rep lacement  w i th  an exac t  e l a s t i c  s c a t t e r i n g  wave f u n c t i o n ,  
implying t h a t  the  o t h e r  channels  c o n t r i b u t e  n e g l i g i b l y ,  which,  in  
g e n e r a l ,  i s  a r e a s o n a b le  approximat ion.  The second p a r t  f u r t h e r  
assumes t h a t  th e  o p t i c a l  model p rov ides  an a c c u r a t e  d e s c r i p t i o n  o f  
th e  e l a s t i c  s c a t t e r i n g  wave f u n c t io n  over  th e  reg io n  of  space  in  
which th e  r e a c t i o n  c r o s s - s e c t i o n  i s  p r i n c i p a l l y  de te rm ined .
The widespread  success  of the  o p t i c a l  model i n  p r e d i c t i n g  
c r o s s - s e c t i o n s  and p o l a r i z a t i o n s  over  a wide range  o f  e n e r g i e s  and 
t a r g e t  masses and,  f u r t h e r ,  fo r  a v a r i e t y  of  s c a t t e r e d  p a r t i c l e s ,  
has led  to  g r e a t  e x p e c t a t i o n s  of  i t s  worth in  th e  c o n te x t  of  d i r e c t  
r e a c t i o n s ,  d e s p i t e  the t h e o r e t i c a l  and e m p i r i c a l  am b ig u i t i e s  in  the  
o p t i c a l  model p a ram e te r s .  However, the  DWBA has en joyed a much more
4limited success, and extensive calculations on several of the other 
approximations involved, such as the zero range interaction, exclu­
sion of the deuteron D-state, neglect of the distortion and break-up 
of the deuteron, etc., have not resolved the instances of apparent 
failure of the optical model prescription. Therefore one must ques­
tion the validity of extrapolating to the region of the nuclear sur­
face, a wave function which has been determined phenomenologically 
beyond the range of influence of the nucleus.
The treatment of the final state wave function in the DWBA 
assumes that no excitation of the core, or target, state occurs 
during the interaction and the particle transferred in a stripping 
reaction resides in a single particle orbit, bound in the average 
potential well of the target. Clearly, the strict region of valid­
ity of such an approximation is coincident with that of the indiv­
idual particle model, so that the theory ought to be applied only to 
low-lying states of nuclei near closed nucleon shells. However, it 
is clear from the abundance of available data, that stripping 
patterns are observed over a much wider area of the periodic table, 
and the success of DWBA calculations are similarly not restricted to 
the vicinity of magic numbers.
Because of the obvious value of direct reactions in 
spectroscopy, it is worthwhile extracting the maximum information 
from the measurements and subsequent theoretical analysis. The 
difficulties in the theory may be by-passed by looking on the exer­
cise as primarily empirical, in that the validity of the analysis is 
assessed in terms of the ability to fit known spectroscopic data, 
while simultaneously, maintaining consistency with nearby analyses.
A great deal of interest has recently been concentrated on 
the phenomenon of j-dependence in (d,p) reactions, in particular in
the 2p-lf shell, where the effects are most pronounced and many 
measurements have been carried out.
Much of the work has been purely experimental, seeking to 
systematize the established cases of the phenomenon, and to estab­
lish empirical rules which several authors have subsequently employ­
ed in order to make tentative spin assignments. From a theoretical 
point of view, the effect provides a further and quite demanding 
test of the usefulness of the various theories; a test to which the 
spin-orbit and tensor forces, and the D-state of the deuteron are 
quite sensitive. Although the incorporation of elastic scattering 
parameters in DWBA calculations has failed to predict j-dependence 
in (d,p) transitions, the effect has been reproduced by deviating 
from the strict theoretical prescription.
Prominent amongst the extensive investigations in the 2p- 
lf shell, is the work on the chromium isotopes. The reaction 
52Cr(d,p)53Cr has received considerable attention from both theoret­
ical and experimental stand-points, probably because the target iso­
tope possesses the simultaneous virtues of abounding naturally and 
of closing the N = 28 neutron shell. Many aspects of DWBA analysis 
have been studied through this reaction and the 50Cr(d,p)51Cr 
reaction. The successful calculations of j-dependence, referred to 
above, were in fact performed on these two reactions. In conjunc­
tion with the (d,p) work, elastic scattering of deuterons from the 
four stable chromium isotopes has been analyzed, both for the pur­
pose of observing mass, energy and isotope systematics of optical 
model parameters, and for subsequent calculations on the reaction 
data.
Despite the interest that has been displayed in the 
chromium nuclei as a group, investigation of the reaction
654Cr(d,p)55Cr is notably deficient. Angular distributions have been 
measured only at forward angles in order to extract £-values and 
spectroscopic factors of the more strongly populated states of 55Cr. 
The predominance of £ = 1 and £ = 3 transitions makes the reaction 
an excellent candidate for the study of j-dependence from the point 
of view of extending the observations of the effect, which is essen­
tial to establish the reliability of empirical rules, and also for a 
check on the theoretical calculations performed on 50Cr and 52Cr.
The paucity of spectroscopic information on 55Cr encourages the ex­
ploitation of j-dependence to tentatively assign the spins of several 
of the states. It is also relevant to point out here that, although 
the elastic scattering of deuterons from 51+Cr has been analyzed with 
the optical model at several energies, no spin dependent treatment 
has yet been attempted.
The various points enunciated above provided the stimulus 
for a joint study of the reactions 54Cr (d ,d(j) 54Cr and 5l+Cr (d ,p) 55Cr, 
which forms the major portion of this thesis. The discussion of the 
experiment is preceded by a description, in chapter II, of the 
optical model of elastic scattering and the DWBA as applied to (d,p) 
reactions. The background to the models is recounted from review 
articles such as [Ho63], [Ho66] and [Sa66]. The importance of the 
principal assumptions and approximations is discussed and a mathe­
matical formalism, including spin-orbit forces, is presented follow­
ing the treatments of Robson [Ro67] for the optical model and 
Satchler [Sa66] for the DWBA.
Chapter III describes the experiment, analysis and results. 
A summary of the results of earlier investigations is followed by a 
description of the experimental procedure common to both reactions.
In the third section an optical model analysis of the elastic scat-
7tering data is presented with a comparison of the parameters from 
the discrete and continuous ambiguities, in terms of the quality of 
the fits and the agreement with the reformulated optical model of 
Greenlees et al. [Gr68a]. The influence of the spin-orbit force is 
also investigated.
As a preamble to the stripping analysis, a survey has been 
made of reported j-dependent effects over the variety of direct 
reactions, with emphasis on the results in (d,p) transitions. The 
remainder of the chapter is devoted to work on the 54Cr(d,p)55Cr 
reaction. The data are discussed both in terms of empirical j - 
dependence and the implications of DWBA fits; the latter being per­
formed in the light of an experimental assessment of the compound 
nucleus contribution. Discrepancies between elastic scattering para­
meters and those required to fit j-dependence are investigated and 
discussed, with particular reference to the role of the spin-orbit 
term in the deuteron potential.
The chapter concludes with a section on the extracted 
spectroscopic factors. A simple picture of the 54Cr ground state is 
constructed from the values of the spectroscopic factor sums from 
both stripping and pickup reactions, and the spectrum of 55Cr, as 
determined by the results of the (d,p) analysis, is described in 
terms of the single particle model.
There have been a number of theoretical calculations on 
the structure of 2p-lf nuclei, which have been restricted, in the 
main part, to even-even nuclei and those near closed shells. In­
cluded amongst these is the interesting level scheme of 57Fe which 
has, somewhat surprisingly, been successfully described in terms of 
the rotational model. It represents one of the few nuclides whose 
ground state spin does not agree with the predictions of the shell
8model, the  p o s i t i o n s  of  the s t a t e s  in  the  f i r s t  two s i n g l e  p a r t i c l e  
o r b i t s  be ing  i n v e r t e d .  Despi te  th e  obvious d i f f i c u l t i e s ,  i t  would 
be o f  i n t e r e s t  to  s tudy  the  d e t a i l e d  s t r u c t u r e  o f  nearby  n u c l e i  such 
as 55Cr.
A p r e r e q u i s i t e  to  such t h e o r e t i c a l  i n v e s t i g a t i o n s  i s  the  
measurement o f  s u f f i c i e n t  s p e c t r o s c o p i c  i n fo rm a t io n  t h a t  a b a s i s  f o r  
a n u c l e a r  model a p p l i c a b l e  to  the nucleus  may be e s t a b l i s h e d .  The 
r e s u l t s  o f  the  d i r e c t  r e a c t i o n  a n a l y s i s  are c l e a r l y  l i m i t e d  in  scope 
bo th  in  the  r e s t r i c t i o n  to  s t a t e s  o f  s i g n i f i c a n t  s i n g l e  p a r t i c l e  
s t r e n g t h ,  and in  the  n a t u r e  of  the  in fo rm a t io n  which can be d e r iv e d .  
Because o f  the  s e n s i t i v i t y  of  n u c l e a r  models t o  th e  pa ram e te r s  o f  
e l e c t r o m a g n e t i c  t r a n s i t i o n s ,  and the  independence of  th e  l a t t e r  t o  
the  n u c l e a r  f o r c e s ,  i t  i s  d e s i r a b l e  t o  a s c e r t a i n  the  gamma ray  decay 
scheme w i th i n  the  n u c l e u s ;  the  branch ing  r a t i o s ,  l i f e t i m e s ,  m u l t i ­
p o l a r i t i e s  and mixing r a t i o s .
In the  case  o f  55Cr, t h e r e  i s  a t o t a l  lack  o f  such in fo rm ­
a t i o n ,  so t h a t  th e  f i r s t  need i s  to  e s t a b l i s h  t h e  e l e c t r o m a g n e t i c  
decay scheme, a t  l e a s t  o f  the  low- ly ing  s t a t e s  o f  the  n u c l e u s .
Because of  the  n eu t ron  ex ce ss ,  p o p u la t i o n  o f  55Cr i s  p o s s i b l e  only  
by n eu t ro n  t r a n s f e r  r e a c t i o n s .  With the  tandem a c c e l e r a t o r  f a c i l i t y  
a v a i l a b l e ,  th e  deu te ron  s t r i p p i n g  r e a c t i o n  p r e s e n t s  t h e  only  p o s s i ­
b i l i t y .  The second p a r t  of  the  t h e s i s ,  compri s ing c h a p t e r  IV, i s  
concerned with  a s tudy  o f  the  r e a c t i o n  54C r ( d , p y ) 55C r , i n  which 
proton-gamma ray  co inc idence  measurements have p rov ided  t h e  decay 
scheme o f  s t a t e s  up to  2.7  MeV e x c i t a t i o n .  The c o n s i s t e n c y  of  the  
combined r e s u l t s  o f  c h a p te r s  I I I  and IV i s  d i s c u s s e d ,  and the  l e v e l  
e n e r g i e s  compared with  e a r l i e r  d e t e r m in a t io n s .
The f i n a l  c h a p te r  p r e s e n t s  a summary o f  the  r e s u l t s  and 
co n c lu s io n s  o b ta in e d  from the  two exper iments  i n  r e l a t i o n  t o  bo th  the  
d i r e c t  r e a c t i o n  mechanism and the  sp ec t ro sco p y  of  th e  nuc leus  55Cr.
9CHAPTER II 
THEORIES
11.1 THE OPTICAL MODEL OF ELASTIC SCATTERING
11.1.1 History
As early as 1935, Bethe [Be35] implemented the method of 
potential scattering to explain the elastic scattering of neutrons 
from nuclei but found that the replacement of the nucleon-nucleus 
interaction by a single central potential field was unable to 
account for the multiplicity of sharp resonances in the excitation 
functions or the strong absorption observed in low energy neutron 
scattering. In 1936, Bohr [Bo36] proposed the compound nucleus 
model wherein the incident particle is absorbed by the target and 
becomes an integral and equal component of an intermediate compound 
system which subsequently decays via any of the energetically avail­
able channels. The phenomena observed in the neutron scattering 
experiments were then explained in terms of the excitation of many 
states of a compound system.
Subsequently, as more data became available, it became 
clear that universal application of the compound nucleus model was 
inappropriate. Measurements had revealed unexpected transparency of 
some nuclei to 90 MeV neutrons and, further, there appeared smooth 
variations of scattering cross-sections with energy and target mass. 
Theoreticians began to look with greater favour on the approach of 
an average potential, but it was clear that both compound nucleus 
and potential scattering mechanisms could and did occur. As a 
result, LeLevier and Saxon [Le52] proposed the use of a complex 
potential to predict the scattering cross-section of 18 MeV protons 
from 27A1. The inclusion of an imaginary term in the potential
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removes flux from the incident beam to account for that proportion 
of the intensity which undergoes any process other than potential or 
shape elastic scattering. The nucleus is thus compared to a uniform 
refractive and absorptive medium in analogy to the passage of light 
through a medium of complex refractive index. Hence, this descrip­
tion of nuclear scattering bears the label of the Optical Model.
II.1.2 Competition with Compound Nucleus Mechanism
Whereas the compound nucleus model depends intimately on 
the details of the level structure and parameters of the compound 
system, the optical model has no such dependence, but describes 
rather the gross averaged properties of the nucleus such as its size, 
mass and charge. Both mechanisms are, however, always present and 
the applicability of either depends on their relative probabilities 
in the elastic scattering channel. For light target nuclei and low 
bombarding energies, the excitation of strong, well separated 
resonances is the dominant mechanism, with the direct process 
providing, in general, a small background to the scattered yield. 
Also, in the same mass and energy regions, the number of open 
channels for compound nucleus decay is small and the probability of 
decay into a specific channel correspondingly large. In contrast, 
at higher energies and mass numbers, the large number of available 
decay channels reduces the compound nucleus contribution in any 
given channel. Furthermore, the spacing of the resonant states 
becomes small compared to both their mean width and experimental 
resolution, so that only averaged effects are observed which display 
a smooth variation with energy and do not depend on the details of 
the compound nucleus states. Such a contribution, if it forms a 
significant fraction of the total cross-section, must be subtracted 
from the data before a comparison can be made with any direct inter-
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a c t i o n  d e s c r i p t i o n .  The s t a t i s t i c a l  th e o ry  o f  Hauser and Feshbach 
[Ha52] c a l c u l a t e s  the  average compound n u c l e u s  c r o s s - s e c t i o n  from 
th e  pa ram e te rs  of  the  open decay channe ls  and average p r o p e r t i e s  o f  
th e  compound nuc leus  a t  the energy o f  e x c i t a t i o n .
I I . 1.3 Form of  the  P o t e n t i a l
Provided  t h a t  many-body f o r c e s  can be n e g l e c t e d ,  the  
p r o p e r t i e s  of  n u c l e i  and n u c l e a r  s c a t t e r i n g  can be p r e d i c t e d  from 
the  n uc leon -nuc leon  i n t e r a c t i o n .  The complexity  o f  t h e  many-body 
problem p r e v e n t s  the  c a l c u l a t i o n  of  d e t a i l e d  p r o p e r t i e s .  However, 
t h i s  approach p ro v id e s  q u a l i t a t i v e  arguments f o r  th e  p r e d i c t i o n  o f  
such average  e f f e c t s  as th e  genera l  form o f  an o p t i c a l  p o t e n t i a l .
To an impinging p r o j e c t i l e ,  th e  t a r g e t  i s  viewed as a 
Fermi s e a  o f  nucleons  wi th  which c o l l i s i o n s  are p r e v e n te d  by the  
P a u l i  p r i n c i p l e  excep t  t o  momentum s t a t e s  above th e  Fermi s u r f a c e .  
The phenomenon of  n u c l e a r  t r a n s p a re n c y  observed  f o r  example i n  90 
MeV n e u t ro n  s c a t t e r i n g  by Cook e t  a l .  [Co49] , b e a r s  exper im en ta l  
ev idence  f o r  t h i s  s i m p l i f i e d  p i c t u r e ,  so t h a t  i t  i s  no t  un reasonab le  
t h a t  an i n c i d e n t  nucleon  may t r a v e r s e  a nuc leus  in  t h e  average 
p o t e n t i a l  f i e l d  comprised of  th e  sum o f  t h e  two-body i n t e r a c t i o n s  
w i th  th e  t a r g e t  p a r t i c l e s .
I I . 1 .3 .1  The C e n t ra l  P o t e n t i a l
As a r e s u l t  o f  the  s a t u r a t i o n  and s h o r t  range o f  the  two- 
body f o r c e s  w i th i n  t h e  n u c l e u s ,  the r e a l  c e n t r a l  term o f  the  o p t i c a l  
model p o t e n t i a l  i s  d e r iv e d  from the  i n t e r a c t i o n s  o f  th e  s c a t t e r e d  
p r o j e c t i l e  w i th  i t s  immediate ne ighbours .  I t  c o n sequen t ly  fo l low s  
th e  form of  th e  n u c l e a r  m a t t e r  d e n s i t y  and i s  n e g a t iv e  and n e a r l y  
c o n s t a n t  th roughou t  the  n u c l e a r  i n t e r i o r ,  f a l l i n g  r a p i d l y  t o  zero  at
the  s u r f a c e  over  a d i s t a n c e  c h a r a c t e r i s t i c  o f  th e  d i f f u s e n e s s  o f  th e
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s u r f a c e  and th e  range o f  the  two-body p o t e n t i a l .  The form i s  s imply 
r e p r e s e n t e d  by a Woods-Saxon fu n c t io n  [Wo54] and i s  c o n v e n t io n a l ly  
w r i t t e n  as :
V(r) = ------------------ --------r r ? ------- , ( I I . 1)
1 + e x p [ ( r  - r 0A 7 ) / a ]
where U i s  the  s t r e n g t h  of  th e  p o t e n t i a l  and rg and a a re  t h e  r a d iu s  
and d i f f u s e n e s s  param ete rs  o f  the  w e l l ,  which are i n s e n s i t i v e  t o  th e  
mass number A o f  th e  t a r g e t .
No simple argument s u p p l i e s  the  shape o f  th e  imaginary  
w e l l .  An i n c i d e n t  nucleon may only be absorbed  by a d i r e c t  
c o l l i s i o n , a n d  a t  low e n e r g i e s ,  t h i s  i s  more l i k e l y  t o  occur  with  one 
o f  the  l e s s  t i g h t l y  bound s u r f a c e  nuc leons ,  whereas ,  a t  h ig h e r  
e n e r g i e s ,  the  i n t e r i o r  of  the  nucleus  a l s o  c o n t r i b u t e s .  I t  i s  thus  
expec ted  t h a t  the  shape o f  th e  imaginary  p o t e n t i a l  i s  peaked a t  the  
s u r f a c e  a t  low bombarding e n e r g i e s ,  and when th e  energy i s  l a rg e  
compared t o  th e  Fermi l e v e l ,  a b s o rp t i o n  t a k e s  p l a c e  un i fo rm ly  
th roughou t  th e  volume o f  the  nuc leus .  The volume a b s o r p t i o n  i s  
r e p r e s e n t e d  by th e  Woods-Saxon form o f  e q u a t io n  ( I I . 1) w i th  s i m i l a r  
geom etr ic  p a r a m e te r s .  E i th e r  a Gaussian o r  th e  f i r s t  d e r i v a t i v e  o f  
a Woods-Saxon f u n c t i o n  i s  used to  r e p r e s e n t  s u r f a c e  a b s o r p t i o n  and 
both  are  common.
I I . 1 .3 .2  Spin Dependent Terms
Spin dependence o f  the  two-nucleon  i n t e r a c t i o n  le ads  t o  
the  i n c l u s i o n  o f  v e c t o r  and t e n s o r  coupled  terms i n  bo th  the  r e a l  
and imaginary  components of  the  o p t i c a l  model p o t e n t i a l .  Coupling 
t o  the  t a r g e t  s p in  has been shown e x p e r i m e n t a l l y  to  p l a y  an 
un im por tan t  r o l e  and so i s  ignored .  In coup l ing  th e  s n in  and 
c o - o r d i n a t e  spaces  o f  the  p r o j e c t i l e ,  t h e r e  a re  fo u r  p o s s i b l e
s c a l a r s  which conserve p a r i t y  and they  g ive  r i s e  to  th e  fo l low ing  
terms [Sa60a and Sa60b] :
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(U + iWg) f g ( r ) Ä.. s ( S p in - o r b i t  term) (a)
(UR + iWR) f R( r ) [ ( s . r / r ) 2 - 2/3]  (TR t e n s o r )
(UL + iWR) f L(r) [ ( £ . § ) 2 + l / 2 ( £ . s )  - 2/3  £2] (TL t e n s o r )
(Up + iWp) f p ( r ) [ ( s . p ) 2 - 2/3 p 2] (Tp t e n s o r )
(b)
(c)
( I I . 2)
( d )
where s ,  £, r  and p are  the  s p in ,  o r b i t a l  a n g u la r  momentum, p o s i t i o n  
and l i n e a r  momentum r e s p e c t i v e l y  of th e  p r o j e c t i l e .  The t h r e e  
t e n s o r  coupled  terms a re  i d e n t i c a l l y  zero f o r  spin-% p r o j e c t i l e s  
such as the  n u c l e o n s ,  whereas each can e x i s t  f o r  th e  sp in -1  d e u te ro n .
Symmetry w i th i n  the  n u c l e a r  i n t e r i o r  su g g e s t s  t h a t  th e  
s p i n - o r b i t  i n t e r a c t i o n  should be zero t h e r e  s in c e  £ . s  i s  odd with  
r e s p e c t  t o  the  v e l o c i t y  o f  r e l a t i v e  mot ion.  In p r a c t i c e ,  a Thomas 
form f a c t o r  i s  u sed ,  i n  analogy wi th atomic p h y s i c s .  I t  was f i r s t  
i n t ro d u c e d  i n t o  th e  o p t i c a l  model by Fermi [Fe54] in  th e  form:
V r) Vs 2 1_ df  (r )  it  r  d r £ .o ( I I . 3)
where X^ i s  the  reduced Compton wavelength o f  th e  p o s i t i v e  p ion  and 
p ro v id e s  a u s e f u l  n o r m a l i z a t i o n  c o n s t a n t ;  a i s  the  P a u l i  sp in  
o p e r a t o r  and f ( r )  i s  th e  form f a c t o r  of  t h e  r e a l  p o t e n t i a l .  The 
e x p r e s s io n  ( 1 1 .2 ( a ) )  p ro v id es  a more g e n e r a l  form i n  which the  
r a d i a l  f u n c t i o n  f  ( r )  i s  a Thomas form f a c t o r  w i th  independent  
g e o m e t r i c a l  p a ram ete rs  and a complex s t r e n g t h .
L i t t l e  i s  known about  the  t e n s o r  f o r c e s .  They have t h e i r  
o r i g i n  [Sa60a] i n  t h e  t e n s o r ,  s p i n - o r b i t  and s p i n - s p i n  terms o f  th e  
two-nucleon  p o t e n t i a l  and from the D - s t a t e  o f  the  d e u te ro n .  In
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practice, only the T tensor proves simple to compute. T introduces 
mixing of partial wave ^-values differing by two units, while Tp 
involves differential operators. Woods-Saxon form factors have 
commonly been used for each of the tensor terms.
11.1.4 Application to Deuteron Scattering
The preceding arguments of this chapter relate principally 
to the scattering of nucleons for which no internal structure is 
relevant and the two-body description is valid. The introduction of 
composite incident particles removes these two simplifications and 
casts doubts on the applicability of the optical model. Far from 
being a "point" particle, the deuteron is weakly bound, has a 
neutron-proton separation comparable to nuclear dimensions and the 
small fraction of D-state allows tensor forces in its internal 
structure. Nevertheless, experimental data show that deuteron 
scattering closely resembles nucleon scattering and is well described 
by the two-body optical potential [H066].
Several authors [Sa62, B165, Te66, J066] have estimated the 
shape and intensity of the deuteron potential from the phenomenolog­
ical proton and neutron forms. The various analyses have agreed in 
their general conclusions, namely:
(i) the real central term resembles the sum of those for the 
neutron and proton but is slightly smaller in magnitude and more 
diffuse because of the finite size of the deuteron;
(ii) the absorption potential is greater than for the nucleon case 
since deuteron break-up is a likely process which removes flux from 
the scattered beam;
(iii) the spin-orbit potential retains a Thomas form but with a 
more diffuse geometry;
(iv) the tensor forces, appearing as second order terms in the
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a n a l y t i c a l  e x p re s s io n  f o r  the  s p i n - o r b i t  f o r c e ,  are sm a l l .
I n c lu s i o n  of  a p o l a r i z a t i o n  p o t e n t i a l  t o  account  f o r  the  
d i s t o r t i o n  of  th e  deu te ron  in  the  Coulomb f i e l d  o f  the  nuc leus  has  
shown [Ba64] t h a t  i t s  s t r e n g t h  i s  always weak compared t o  the  
n u c l e a r  p o t e n t i a l  and th e  changes t o  the  d i f f e r e n t i a l  c r o s s - s e c t i o n  
a re  i n s i g n i f i c a n t .
The t h e o r e t i c a l  arguments a re  suppor ted  by a g r e a t  dea l  o f  
e x p e r im en ta l  evidence  conce rn ing  th e  worth o f  th e  o p t i c a l  model in  
p r e d i c t i n g  n o t  only th e  d i f f e r e n t i a l  and i n t e g r a t e d  c r o s s - s e c t i o n s  
bu t  a l s o  t h e  v e c t o r  and t e n s o r  p o l a r i z a t i o n s  of  s c a t t e r e d  d e u t e r o n s .
I I . 1.5 Formalism
Mathemat ical  fo rm u la t io n  of  the  o p t i c a l  model problem 
in v o lv es  th e  i n c o r p o r a t i o n  of  th e  complex o p t i c a l  p o t e n t i a l  V(r)  in  
the  S ch röd inge r  e q u a t io n  d e s c r i b i n g  the  r e l a t i v e  motion o f  the  
p r o j e c t i l e  and t a r g e t :
K r )  = E i|>(r) > ( I I . 4)
where y i s  th e  reduced  mass of  the  two p a r t i c l e s ,  and E i s  t h e i r  
r e l a t i v e  k i n e t i c  energy .  I f  t e n s o r  fo rces  a re  n e g l e c t e d ,  th e  
p o t e n t i a l  t a k e s  the  ge n e ra l  form:
V ( r )  = Vc (r)  + Ufjj ( r ) + iWfw(r)  + (Ug + iWg) f g ( r )  } . s  , ( I I . 5)
where V^(r j  i s  the  Coulomb p o t e n t i a l  due to  a u n i fo rm ly  charged 
sphere  and th e  o t h e r  terms have been p r e v i o u s l y  d i s c u s s e d .
S o lu t i o n  of  th e  problem so fo rm u la ted  has been d e s c r ib e d  
by Robson [Ro67] and i s  o u t l i n e d  here  in  a n o t a t i o n  s i m i l a r  t o  t h a t  
r e f e r e n c e .
I n c l u s i o n  o f  th e  o p e ra t o r  £ . s  mixes th e  components o f  th e
2u V2 + V (r)
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orbital angular momentum and the particle spin» For a particular 
spin component m, the wave function may be expanded in partial waves 
in the form:
where
l
JIM
A R frl Fj£Mm J J£M (II.6)
FJJlM = l (£sM-m' m'|jM) Y^'m ' (J2) (II.7)
m*
contain the dependence on the spin s and angular variables in the
m
spherical harmonics Y (ft) and the spin function c ; (jlj2m lm2IJM) 
is a Clebsch-Gordan coefficient; Rj^(r) are solutions of the radial 
wave equations; J is the total angular momentum with component M; 
i is the partial wave orbital angular momentum and m, m' the 
components of the particle spin s in the incident and outgoing waves 
respectively.
The function must obey the asymptotic boundary condition
1 +
,2 1
i(kr-k.r)
i[k. r+nlog(kr-k.r)]I m
I M (0,40 r 1 e m'm m*
i[kr-nlog2kr+2ao]
(II.8)
where n and oq are the conventional Coulomb parameter and s-wave
phase shift. The first term of the form (II. 8) represents the
incident wave with momentum bk, distorted by the Coulomb field. The
second term is a spherical scattered wave where the matrix M , in r m'm
spin space contains the scattering amplitudes from an initial sub­
state m to a final substate m'.
By selecting the z-axis along k and the y-axis parallel to
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k x k', where tik' is the outgoing momentum in the direction ft, and 
applying the boundary condition (II.8), explicit forms for the 
coefficients can be found, giving the following expression for
Beyond the range of the nuclear potential the radial wave functions 
are expressible in terms of the Coulomb wave functions F and G :
matrix.
Substitution of (II.10) in (II.9) gives an asymptotic form 
for ^ to be compared with equation (II.8). The scattering ampli­
tudes can then be found in terms of the collision matrix and are 
given by:
\p = £ [4tt(2£+1)]^ i^ (£som| Jm) (ilsm-rn'm’ | Jm)
m Jim'
(II.9)
where a are the Coulomb phase shifts and A is the collisionX/ »J X/
M ■ V  V 9> + 2lk |
6mm e
2ia 0 Y„
where
is the Coulomb scattering amplitude.
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The e l e m e n t s  o f  M s a t i s f y  t h e  r e l a t i o n :
M-m-m' (e) C - i )
m-m M , mm' (e) ( 11 . 12)
and so can be w r i t t e n  i n  t h e  fo rm s :
or
A B e ' 1*
Be1* A
B -C e '
-D A D
E C B
f o r  s -  h
f o r  s = 1 ,
(11 .13 )
(b)
where t h e  a m p l i t u d e s  A, B, C, D and E a re  t h e  c o n v e n t i o n a l l y  d e f i n e d  
q u a n t i t i e s  as  f o r  example i n  r e f e r e n c e s  [Ho63] o r  [Ho66] . The 
d i f f e r e n t i a l  c r o s s - s e c t i o n s  a r e  d e f i n e d  i n  t e rm s  o f  t h e  s c a t t e r i n g  
a m p l i t u d e s :
= | a | 2 + IB12 f o r  s = k  (a)"
and ^ 1 1 1  = 1 / 3 [ | a | 2 + 2 ( | b | 2 + [c|2 + | d | 2 ♦ | e | 2) ]
f o r  s = 1. (b)
The p o l a r i z a t i o n  o f  s p i n - ^  p a r t i c l e s  and t h e  v e c t o r  and t e n s o r  
p o l a r i z a t i o n s  o f  s p i n - 1  p a r t i c l e s  can be s i m i l a r l y  d e f i n e d  [Ho63] .
The p r o c e d u r e  f o r  s o l u t i o n  i n v o l v e s  t h e  n u m e r i c a l  
i n t e g r a t i o n  o f  t h e  p a r t i a l  wave r a d i a l  e q u a t i o n s ,  t o  o b t a i n  t h e  
f u n c t i o n s  R_ , w h ic h ,  on compar ison  w i t h  t h e  a s y m p t o t i c  form ( I I .  10 ) ,  
y i e l d  v a l u e s  o f  t h e  c o l l i s i o n  m a t r i x  A , whereupon a l l  t h e  r e q u i r e d
«J 36
q u a n t i t i e s  a r e  w e l l  d e f i n e d .  When t h e  p o t e n t i a l  h a s  been  s u b s t i ­
t u t e d ,  and £ . s  r e p l a c e d  by i t s  e i g e n v a l u e s  + £ o r  - (£+1)  f o r  j =
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the radial equation is reduced to a simple differential equation of 
the form:
y" = f(x).y . (11=15)
Numerical integration is then performed by the methods of Fox and 
Goodwin, using the recursion relation:
1 - -rir h2. f T y =
( h
2 + \ h2.f y 1 - ~  h2.f .( 12 n+lj ■^ n+l 6 n 7n 12 n-1v y
(11.16)
where f , y are the values of the functions f(x) and y(x) at the n 'n '
thn mesh point and h is the mesh step size.
II. 2 THE DISTORTED WAVE THEORY OF STRIPPING 
II.2.1 Direct Interactions
In the preceding description of potential scattering, it 
was assumed that the degrees of freedom of internal motion of the 
interacting components are not affected and the integration over 
internal co-ordinates only introduces a normalization constant into 
the calculation of the cross-section. To account for rearrangement 
collisions, the model is extended to -include a dependence on one or 
more of the internal degrees of freedom and the various mechanisms 
and models which describe them are distinguished by the number and 
nature of the parameters involved. For example, in a compound 
nucleus reaction, the co-ordinates of many of the constituent 
nucleons are disturbed by the multiple collisions of the absorbed 
projectile; the coupled channels formalism, e.g. [Ta69] describes 
a two stage mechanism which includes modes of excitation of the 
target nucleus. In contrast, the direct reaction is characterized 
by a one stage mechanism involving a minimum number of internal
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degrees  o f  freedom such as the  e x c i t a t i o n  o f  a c o l l e c t i v e  o r  s i n g l e  
p a r t i c l e  s t a t e  in  i n e l a s t i c  s c a t t e r i n g ,  or  th e  p o p u l a t i o n  o f  s i n g l e  
p a r t i c l e  s t a t e s  in  nucleon  t r a n s f e r  r e a c t i o n s .
D i r e c t  r e a c t i o n  mechanisms occur  i n  the  same mass and 
energy  r e g io n s  in  which the  o p t i c a l  model i s  a p p l i c a b l e .  In most 
cases  rea r rangement  c o l l i s i o n s  are much l e s s  l i k e l y  tha n  d i r e c t  
e l a s t i c  s c a t t e r i n g  because  o f  the  low p r o b a b i l i t y  o f  th e  t r a n s f e r  o r  
e x c i t a t i o n  p ro c e s s  and so they  compete l e s s  fav o u ra b ly  wi th  the  
compound nuc leus  component.
Because of  the  averaging  over t h e  d e t a i l s  o f  n u c l e a r  
s t r u c t u r e ,  c r o s s - s e c t i o n s  o f  d i r e c t  r e a c t i o n s  v a ry  smoothly with  
energy  and Q-va lue ,  w hile  the  angu la r  d i s t r i b u t i o n s  g e n e r a l l y  
d i s p l a y  a d i f f r a c t i o n  p a t t e r n  c h a r a c t e r i s t i c  o f  the  s imple energy 
and a n g u la r  momentum t r a n s f e r  which occurs  a t  th e  moment o f  i n t e r ­
a c t i o n .  Within  the  framework o f  the  d i r e c t  i n t e r a c t i o n  d e s c r i p t i o n ,  
a (d,p)  r e a c t i o n  t a k es  p l a c e  by the  s t r i p p i n g  of  th e  n e u t ro n  i n t o  a 
s i n g l e  p a r t i c l e  o r b i t  coupled  to the  t a r g e t  nuc leus  whose i n t e r n a l  
s t a t e  i s  no t  a l t e r e d  by the  i n t e r a c t i o n  p r o c e s s .  The f i r s t  form­
u l a t i o n  o f  th e  model was c a r r i e d  ou t  by B u t l e r  [Bu51] i n  th e  p la n e  
wave Born approx im ation  (PWBA) in  which t h e  i n i t i a l  s t a t e  i s  
r e p r e s e n t e d  by an i n c i d e n t  p la ne  wave d eu te ro n  and the  f i n a l  s t a t e  
i s  an ou tgo ing  p la n e  wave p ro to n  and a n e u t ro n  i n  a s i n g l e  p a r t i c l e  
o r b i t .  The c h a r a c t e r i s t i c s  of  the  angu la r  d i s t r i b u t i o n  are 
de te rm ined  by the  coupl ing  of  the  angu la r  momenta o f  the  i n i t i a l  and 
f i n a l  s t a t e s  and the  bound s t a t e  wave f u n c t i o n  p ro v id e s  a m u l t i p l i c ­
a t i v e  c o n s t a n t  in  t h e  form o f  the  n eu t ro n  s i n g l e  p a r t i c l e  reduced 
wid th .  The PWBA angu la r  d i s t r i b u t i o n  p r e d i c t s  the  p o s i t i o n  of  the  
c h a r a c t e r i s t i c  forward angle  maximum but  f a i l s  to  d e s c r i b e  the  b a c k ­
ward ang les  and o v e r e s t i m a t e s  the a b s o lu t e  c r o s s - s e c t i o n  by an o rd e r  
of  magnitude .
A more accurate approach in which the incident and out­
going waves are "distorted" by optical model scattering potentials 
is discussed in the present section. The distorted wave Born 
approximation (DWBA) is able to account for the detailed structure 
of most direct reactions and correctly predicts absolute cross- 
sections. The neutron single particle wave function appears 
specifically in the transition amplitude leaving the relative 
reduced width or spectroscopic factor as a normalization constant. 
The theory has been described by many authors including Satchi er 
[Sa66], and the following discussion is based on the treatment 
contained therein.
II.2.2 Mathematical Formulation
A reaction of the type A(a,b)B transforms the entrance 
channel state a, comprised of the internal states of a and A and 
their relative motion to a different state $, similarly comprised 
of particles b and B. The total Hamiltonian H for the system can 
be separated in the forms:
or
H = H + V + Ta a a (a)
H = He + v6 + Te (b)
(11.17)
where describes the internal energy of the interacting pair v and 
has an eigenfunction \j satisfying the equation:
H ip = E ij (11.18)V V V V
where is the energy of internal motion. and T^ correspond to
the interaction potential energy and relative kinetic energy 
respectively of the pair. The total energy of the system is then 
given in terms of the wave number k^ of the relative motion beyond
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th e  range o f  the  i n t e r a c t i o n  V and th e  reduced  mass y o f  th e  p a i r :
-ft2 k 2
E = E + —-x— -  . (11.19)v 2yv
The exac t  t r a n s i t i o n  am pli tude  from channel  a to  channel  3
i s  given  by the  r e s u l t s  of  formal  s c a t t e r i n g  th e o ry  [ e . g .  Da65] and
can be w r i t t e n  in  e i t h e r  o f  th e  f o r m s :
or
t  = e |VB| ( a ) >
t  -  | V J (b).
( 1 1 . 20 )
The f u n c t i o n s  and  ^ r e p r e s e n t  exac t  s o l u t i o n s  o f  th e
S ch röd inger  e q u a t io n :
m  = ET ( 1 1 . 21 )
with  asym pto t ic  boundary c o n d i t io n s  c o n s i s t e n t  w i th  th e  n a t u r e  o f  
th e  exper im en t ,  namely: i n c lu d e s  incoming waves o f  t h e  p a i r  a
and ou tgo ing  s p h e r i c a l  waves co r respond ing  t o  a l l  open c hanne ls ;
 ^ c o n t a in s  outgo ing  p la ne  waves i n  the  channel  3, and incoming
3
s p h e r i c a l  waves from a l l  al lowed  c hanne ls .
In a n t i c i p a t i o n  o f  fo l lo w in g  a p p ro x im a t io n s ,  an ex t ra n eo u s  
p o t e n t i a l  i s  i n t ro d u c e d  with  e i g e n f u n c t i o n s  x^~^ s a t i s f y i n g  th e  
e q u a t io n :
[(E - E ) - T - U ] x
L v V V V V
( ± ) ( r  ) - v 0 . ( 11 . 22)
The ex ac t  ampli tudes,  e q u a t io n  (11 .20) ,  can be ex p re s sed  in  terms of 
the  and xv by means o f  th e  Gell-Mann G oldberger  two p o t e n t i a l  
formula  [Da65] :
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t - <*R Iv.-Uj + <*« |u„| * e -“ >■(+) ik . r~ a ~ a \ xUJ - ~ a  ~ aß Aß 1 ß 1
ik,,. r,1 ■ <y«') IV UJ *„ x^ +) > + (K e ' e' ' S 1 .... M
(a)
|u I # X1'1)a a a '
(b)
(11.23)
If U is chosen as an average two-body scattering potential 
independent of the internal states of the colliding pair (e.g. the 
optical potential described in section II. 1) the second term of 
equation (11.23) may be interpreted as representing the transition
from the state $ to the state under the action of the scatteringa ß
potential U, where:
ik . r
4 = ib e ~v ~v . (11.24)v v
Similarly the first amplitude represents the transition to the final
state  ^ of waves distorted by U . b y  the residual interaction ß J a J
V - U .a a
It is generally assumed that the distorting potential plays 
an insignificant role in any rearrangement process and in the 
application of equation (11.23) to all direct reaction processes 
(excluding shape elastic scattering where ^  ) the first term
only is used.
II.2.3 Distorted Wave Born Approximation
To render calculable the transition amplitude:
t - <xj_) IVg-Ugl . (11.25)
an approximation must be made for the total wave function T 
distorted wave Born approximation takes the form:
The
/ ■ o
a x C+) (r )a a -a (11.26)
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and assumes that the total wave function is comprised primarily of 
the elastic scattering component which is represented by the solution 
X£ °  of the phenomenological optical model potential U . This choice
for U is consistent with the requirement that the second potentiala
be an average distortion potential with negligible probability of 
effecting the rearrangement process.
The distorted wave description thus splits the reaction 
process into three stages corresponding to distortion of the incident 
(elastic scattering) wave, followed by the rearrangement and, 
finally, scattering or distortion of the outgoing wave. By indicat­
ing the states of the constituent nuclides a, b, A and B by their 
spins and components s , m , s^, m^; J , and J , Mß respectively,
the sequence of events may be mathematically written as follows:
t = J } / dr / drQ x . (k, ,r ) (jBMD,s,m/ V J.M.,s m' )V . J -a J ~3 m'm, -b’~b ' B B’ b b 1 1 A A* a a' 
mamb b k
x x (!3 (k ,r ) . (11.27)Am'm v~a’~a v Ja a
The distorted waves x , (k ,r ) are solutions of optical modelAm'm ~v ~v
scattering in the channel v from a substate m to m', and k and r~v
are respectively the relative wave number and position. The 
Jacobian J transforms the integral into relative co-ordinates.
By introducing s, % and j as the spin, orbital and total 
angular momenta transferred in the nuclear interaction and retaining 
the triangular relationships:
j = £ + s (a)
Jb = J- k + j (b)
~a = ~b + ~ J (c)
(11.28)
and
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t h e  n u c l e a r  ampli tude:
t N " J <' J BMB,Sbmb lVi J AMA,S ama^ (11 .29 )
may be expanded in  terms o f  m u l t ip o l e  components or  n u c l e a r  form
f a c t o r s  G„ . as fo l low s :£sj  ,m
*N = J .  Gl s U m iT~b’ h n - 1) b b i_£ ( s asbma>-rab l s V V
>6S J
( 1 1 .3 0 )
X (JAjMAMB'MA l ¥ B )(Asi11 mo - mT,h"MR- MA^  >a b 1J B '
where m = Mn - M. + m, - m  i s  the  component of  £. We d e f in e  B A b a r
reduced  am pl i tudes :
£mm^ m
>
sj (5<h ,k ) -  ' y b a ( 2 j + l ) 2
I  jm-rab+raa )
m'm'm a b
x (s s, m’ ,-m'  I s m ' - m ' ) (-1) a b a  b 1 a b
sb ”mb (11 .3 1 )
x /  d?a /  d?b G£sj  ,ra' CV ? a } Xm'ma
i n  terms o f  which:
mbMB,maMA £sj
7 £mm, m
I  ( 2 M ) *  ( J AjMAMB-MA| J BMB) Bs j  3 Ckb , k a ) • ( 1 1 .3 2 )
We now w r i t e  the  d i f f e r e n t i a l  cross  s e c t i o n  in  th e  u s u a l  way:
do
dft
y y, k, a b b•—  yv L
(2nfi2) 2 k a n^M
m M. a A
'nuMn ,m M. b B* a A (2sa+l ) ( 2 J A+l )  •
(11 .33 )
where y a and y^ are th e  reduced masses o f  th e  p a i r s  (a,A) and (b ,B ) .
Since the reduced amplitudes are independent of and M^, orthogon­
ality of the Clebsch-Gordan coefficients in equation (11.32) removes 
the interference terms arising from different values of j following
summation over M. and ML. It follows that the cross-section can be A B
written:
da
dft
y0 ka b  b 2Jb +1 I. 2. 2 k (2s +1) (2J.+1) .(2iTh ) a a A jm^m^m l ß
ilmm, m b a (11.34)
and the reduced amplitudes are, in turn, expressed in terms of the
partial wave components j (k^,r^) of the distorted waves accord -
v" v
ing to the following:
&mm,m 7 7 7 i-i
S , a ftu.lsJ = 4tt l (2j -1) 2 (2s + l) 2 C2Ä.+ 13 * i
S) D a  z o 0
a b
j j, M J a b a
X (i, jM -m m+m -m, I j VJbJ a a b IJ M +m )(£ s M m 1 i a a a a a a'^a M +m ) a a
(11.35)
M* M -m « •
X (tbsb M a-m mb |jb M a-m+m b) y /  (kp Y * fcb ) h.j.Z j
a t) d d a a
where the final factor is a Wigner 9-j symbol following summation 
over magnetic substates, and the radial integrals are defined as:
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where:
Gsj£JL i b a
(r, ,r ) = I f dft / dfh G . (r, ,r )v b* aJ jj J a J b £sj ,m ~b ~a'
X (f!b) y”"M cn .
d a
(11.37)
II.2.4 Nuclear Form Factors for (d,p) Reactions
The preceding section presented the formal algebra 
necessary to decompose the DWBA transition amplitude into distorted 
wave and nuclear components. To proceed with the calculation, it is 
necessary to interpret and hence evaluate the form factors and it is 
at this stage that the reaction mechanism model is introduced and 
hence the discussion must differ for the various direct reactions 
described in the DWBA formalism. The present and following sections 
refer only to (d,p) (or equivalently, (p,d)) reactions.
The reaction mechanism may be specified by the following 
assumptions:
(i) the internal degrees of freedom of the target nucleus A are 
not changed and B is thus comprised of A with the transferred 
neutron coupled to it to produce the final spin Jg, Mg. It is then 
apparent that the transferred angular momenta j, l and s are carried 
in by the neutron and are assumed to define the single particle 
orbit into which the neutron is captured in the average potential of 
nucleus A;
(ii) the potential:
V = Vg - U ß (11.38)
is comprised of two-body potentials between the three "particles" p, 
n and A. (p, n and d refer to the proton, neutron and deuteron
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respectively.) Hence:
V n = V + V . ß pn pA (a)
U = V ~ V ,ß pB ' pA (b)
V = V - UQ „ Vß ß pn CO
• (II.39)
The approximation of equation (11.39(b)) stems from the definition
of U as an average distortion, which, by definition, depends only
p
on the gross characteristics of the nucleus B and not on its 
detailed structure» Although the validity of equation (11.39(b)) is 
consistent with the nature of optical model potentials, it can be 
seen that, because of the way they were introduced into the theory, 
the potentials and are respectively real and complex and that
the imaginary part of has been neglected in equation (11.39(c)).
An alternative interpretation of this second assumption is
that U0, introduced as an arbitrary potential in equation (11.23),p
is in fact real and represents a purely scattering potential in the 
channel ß. The definition of the distorted waves in terms of a 
complex optical potential is then a further approximation which 
provides a source of flux absorption to compensate for that part of
the total wave function neglected in the DWBA.a
The contribution to the rearrangement transition of the
interaction between the nucleons p or n with either nucleus is
minimized by the zero range approximation, discussed later in
section II.2.5, in which the effects of V are restricted to thepn
region of immediate proximity between the neutron and proton.
The nuclear amplitude involves integration over the 
internal co-ordinates and by incorporating the foregoing simplific­
ations can be written:
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= J / l/L .. (SA, £,r J  ^ (£ ) V (c ,4 ,r )N J JßMß A n*~nA s m^ p pn vsp ’ui’ pn
(II.40)
x ^s,m,(5 ,4 ,r ) ip U  ) d£, d£ d£ d d p n ’~pn JaM a A p n SA
where £ indicates the internal co-ordinates of the particle denoted 
in the subscript, and for the proton and neutron refers only to 
their spins. The wave function of the final nucleus B is 
conveniently expanded in the following manner:
= T,t alU IB B J^Aj mM^ AJ A 1 B B-
x (t)5,3 r ) i b ( f  I  ^jm LW  5
(11.41)
where the are a set of orthonormal core states defined by
A A
and other parameters collectively represented by X ;  <f> (£^,r^)
are single particle neutron wave functions taking the form:
- p m o m-m
♦jm K n’?n5 = \ i C* »t Rnlj Crn) C^) 1 C?n) ,
(11.42)
where the principal quantum number n is assumed to be unique in a
(f)given state f and the coefficients a., are called spectroscopic3c J
amplitudes. Integration over £A in equation (.11 „40) yields:
/ b BMB (W ? n A 5 *JaMa d?A
(11.43)
? a£j (j aJMaMb 'M A^  JBMB) ^ n ,rn') »
(f)where = a  ^ and the a defining the ground state of the target 
and f defining the explicit final state, have been omitted for
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s i m p l i c i t y .  A f u r t h e r  s i m p l i f i c a t i o n  i s  i n t ro d u c e d  by r e t a i n i n g  
only the  s - s t a t e  o f  the bound deu te ro n  so t h a t  i t s  i n t e r n a l  f u n c t i o n  
becomes:
Sdmd
m m, -m
(r ) I  (Van m,-m I lm,) (ft ) C7  ^ (£ ) d v pn L v p d p 1 d J >2 p h r r
P
(11.44)
The n u c l e a r  ampli tude  i s  reduced to :
St = J 1 , ° j t  Rn£j (rn} A  CV
3 ^
x (^%m m,-m | lm.) ( J . jM .mlJ  M ) i ^  D(r  ) , p d p 1 d AJ A 1 B B v pn J
where m„ = m - m, + m and Z d p
(11,45)
D ( r  ) = V ( r  ) <f>,(r ) .pn pn pn Yd pn (11.46)
Comparison o f  e q u a t io n s  (11.30) and (11.45) y i e l d s  an e x p r e s s io n  fo r  
the  r a d i a l  form f a c t o r s :
f x  * * m *
Gc . ( r  , r . )  = j / _ a r (r  ) Y‘ (n ) D(r ) .  (11 .47)&sj,m -p ~d /  2 Zj  n Zj n Z v K pn J v J
I I . 2. 5 Zero Range and F i n i t e  Range E f f e c t s
The zero  range approxim ation  in v o lv e s  th e  s u b s t i t u t i o n :
D ( r  ) = D0 6 ( r  )pn u ~pn (11.48)
and so s i m p l i f i e s  the  r a d i a l  i n t e g r a l s  (11.36) which become 
p r o p o r t i o n a l  t o  the  one-d im ens iona l  i n t e g r a l :
/
, ( - ) *  
‘1  j  
P P
B r Rn £ j ( r )  XV d Cr) r 2 d r ’ (11.49)
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where A and B r e p r e s e n t  the masses o f  the  co r respond ing  n u c l e i .  The 
c o n s ta n t  D0 i s  found by ensu r ing  th e  c o r r e c t  asym pto t ic  form f o r  the  
fu n c t i o n  D(r) th rough  the r e l a t i o n :
D0 = - /  ^ ( r )  d r  , ( I I .SO)
where M i s  the  mass of  a nucleon and
2 JL
e = h ^ a
i s  the  deu te ron  b in d ing  energy.
I f  V i s  i t s e l f  cons idered  t o  be o f  zero r a n g e ,  th e n :  
pn
V r) - a ra e 2tt r (11.51)
and
Dq ,  1.0 x 104 MeV2 .fm3 . (11.52)
A more a c c u ra te  va lue  o f  Dq i s  p rov ided  by employing th e  Hulthen 
wave f u n c t i o n :
- a r  - ß r
♦dw
/aß (a+ß) e - e
2iT(a-ß)2 r
(11.53)
and,  f o r  v a lues  of  ß  ^ 7a,  gives
Do * 1.65 x 104 MeV2 „ fm3 . (11.54)
This l a t t e r  va lue  i s  in  good agreement w i th  t h e  n o r m a l i z a t i o n  
o b ta in e d  from n - p s c a t t e r i n g  a n a l y s i s .
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The form of the  F o u r ie r  t r a n s f o r m  of D(r) in  th e  Hulthen
d e s c r i p t i o n  shows t h a t  small  va lues  of  the  t r a n s f e r r e d  momentum 
p ro v id e  th e  g r e a t e s t  c o n t r i b u t i o n s  t o  th e  f i n i t e  range  e f f e c t s .  
D i s t o r t i o n  o f  th e  i n c i d e n t  deu te ron  wave produces  a sp read  of  
momenta about the  p lane  wave v a lu e :
and so the  zero range approx im at ion ,  which in c lu d e s  only  K = 0, 
forms a crude e s t i m a t e  o f  the  c o n t r i b u t i o n s  from small  v a lu es  o f  K 
and has  th e  g r e a t e s t  v a l i d i t y  when and k^ are  sm al l .
B u t t l e  and Goldfarb [Bu64] have i n v e s t i g a t e d  the  e f f e c t s  
of  the  i n c l u s i o n  o f  D(r) th rough the  l o c a l  energy  approxim at ion  
(LEA). By expanding the  deu te ron  and p ro to n  d i s t o r t e d  waves in  a 
Tay lo r  s e r i e s  about the  c o - o r d i n a t e  r  , they  exp re s sed  the  t r a n s ­
i t i o n  am pli tude  in  terms o f  a F o u r i e r  t r a n s fo rm  o f  D(r) with  
r e s p e c t  to  the  o p e r a t o r :
which can be e v a lu a te d  i n  terms o f  th e  o p t i c a l  p o t e n t i a l s  and 
and the  n e u t ro n  bound s t a t e  p o t e n t i a l  U^. By u s ing  the  Hulthen wave 
f u n c t i o n  and p o t e n t i a l  they  found t h a t  t o  f i r s t  o r d e r  i n  k 2 , the  
e f f e c t  of  the  f i n i t e  range  i n c l u s i o n  i s  t o  in t r o d u c e  i n t o  the  
n u c l e a r  form f a c t o r ,  and hence i n t o  the  r a d i a l  i n t e g r a l s  (1 1 .3 6 ) ,  a 
w eigh t ing  f u n c t i o n :
( 11 . 55)
(11.56)
A(r ) = 1 - n (11.57)
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The truncation of the series in k2 requires, as above, that the 
momenta involved be small» Higher order effects involve derivatives 
of the potentials, and so, for large momenta, may become significant 
at the nuclear surface.
The shape of A(r ) shows that the inclusion of a finite 
range dampens the contribution from the interior of the nucleus. It 
also shows that the effects are minimized when:
U, s U + U (11.58)d p n
which is, in fact, observed experimentally. Some few finite range 
calculations which have been performed, verify that when condition 
(11.58) is approximately satisfied, the LEA accounts almost 
completely for the effects.
II.2»6 Neutron Bound State
The considerations in section II.1 of an averaged nucleon- 
nucleus potential apply equally to bound and scattered states.
Since normalization of a bound state wave function with respect to 
all particle variables removes the need for an imaginary component, 
the real central and spin dependent parts of an optical model 
potential also define states which bear a close analogy to shell 
model single particle states. Whereas in the shell model, harmonic 
oscillator wave functions are used because of their mathematical 
simplicity and their success in predicting gross properties of 
nuclear states, the sensitivity of reaction processes to surface 
effects requires a more accurate description of the bound state on 
and outside the nuclear surface. A Woods-Saxon potential form 
factor provides a satisfactory description when the parameters are 
adjusted to match the internal wave function, which is numerically 
integrated, to the correct form of the tail determined from the
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neutron separation energy. Wave functions calculated in this manner 
agree closely with the harmonic oscillator functions inside the 
nucleus and are thus consistent with the properties of the nuclear 
states and the reactions leading to them. The functions (r) 
introduced in equation (11.42) are usually generated f rom a Woods- 
Saxon well whose geometry is chosen to closely resemble that of the 
proton optical potential.
II.2.7 Non-locality
Calculations by Brueckner [Br55] of the potential energy 
of a nucleon in nuclear matter predicted a non-local character 
arising from the correlations between nucleons. More recently, 
Feshbach [Fe58] has established a theoretical basis for non-locality 
in the optical potential by describing multi-channel two-body 
scattering in terms of the excitation of real and virtual inter­
mediate states. Systematic variations with energy of phenomenolog­
ical optical model potentials and single particle bound state 
potentials may be explained by the equivalence of non-locality to 
energy dependence.
By considering a potential with symmetric non-locality of 
simple Gaussian form and short range, Perey and Buck [Pe62] were 
able to fit neutron scattering data over a wide energy range with a 
single non-local potential. An equivalent description was obtained 
with an energy dependent local potential of the usual form; how­
ever the wave function from the local potential, when asymptotically 
normalized to the equivalent non-local case to produce the same 
scattering results, was seen to be larger in absolute value in the 
non-zero region of the nuclear potential by about 15%.
The empirical deviation between the functions has been 
reproduced by the local energy approximation in the expression:
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XNL(r) = c j l  - U £ i v ( r )  xV) , (11.59)
 ^ 2ft2 J
where and y^ r e f e r  t o  the  e q u i v a l e n t  wave f u n c t i o n s  from th e  
n o n - lo c a l  and lo c a l  p o t e n t i a l s ,  V(rJ i s  the  l o c a l  n u c l e a r  p o t e n t i a l  
and 3 i s  th e  range pa ram ete r  of  the  n o n - l o c a l i t y  which i s  determined  
from the  energy dependence of  the  l o c a l  p o t e n t i a l .  The c o n s ta n t  
C = 1 f o r  s c a t t e r i n g  s t a t e s .
N o n - l o c a l i t y  i n  the  bound s t a t e  may a l s o  be accounted f o r
by e q u a t io n  (11.59) where V(r) i s  now the  s i n g l e  p a r t i c l e  p o t e n t i a l
NLand C ensu res  the  c o r r e c t  n o rm a l i z a t i o n  o f  y • The e f f e c t  o f  the  
n o n - lo c a l  p o t e n t i a l  i s  to  damp the  c o n t r i b u t i o n  to  th e  (d ,p )  c r o s s -  
s e c t i o n  from th e  n u c l e a r  i n t e r i o r  in  favour  o f  the  s u r f a c e  where the  
o v e r la p  of  t h e  d i s t o r t e d  and bound s t a t e  wave f u n c t i o n s  i s  concen­
t r a t e d .  The t h e o r e t i c a l  c r o s s - s e c t i o n  i s  t h e r e f o r e  i n c r e a s e d .
I I . 2. 8  Spect roscopy from (d ,p)  Reac tions
The s i m p l i c i t y  o f  the  mode o f  fo rm a t ion  o f  th e  r e s i d u a l  
s t a t e  from a d i r e c t  (d ,p )  r e a c t i o n  imposes s e l e c t i o n  r u l e s  on the  
s p in  and p a r i t y  of  th e  s t a t e  accord ing to  th e  r e l a t i o n s :
h  = i
(11.60)
and Uß ■ -"a * (-1)*’ • (11.61)
A m u l t i p l i c i t y  o f  t r a n s f e r r e d  j - v a l u e s  i s  th us  al lowed in  th e  range :
l J B -  J A I S j  1 J A + J B ( I I < 6 2 )
whereas ,  f o r  a s p e c i f i c  j ,  the o r b i t a l  an g u la r  momentum £ i s  u n iq u e ­
ly  d e f in e d  by £ * j ± k  and the  p a r i t y  c o n d i t i o n  i n  e q u a t io n  (1 1 .6 1 ) .  
When the  t a r g e t  nuc leus  i s  even-even,  the  a m b ig u i t i e s  i n  j are 
removed and the  s p in  and p a r i t y  of t h e  f i n a l  s t a t e  a re  u n iq u e ly
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defined by:
Jß = j and itB = (-1)£ . (II.63)
For such examples, or as is often the case, when only one 
of the several possible values of j dominates, the corresponding £- 
value can in principle be determined from the angular distribution 
of the cross-section* The first and most pronounced diffraction 
maximum is approximately centred around the classical angle involved 
in the transfer of angular momentum £h, and its position is well 
predicted by even simple reaction theories independently of parameter 
uncertainties. There remains a twofold ambiguity in the value of 
j = l ± % for which there is no simple solution. Recently, experi­
mental evidence has come to light which indicates that for certain 
values of A, the ambiguity can be resolved by the observation of 
finer details than the forward peak of the angular distribution.
This so-called j-dependence is discussed in the next chapter.
For nuclei near closed shells, or to which the shell model 
may reasonably be applied, the availability or proximity in energy 
of shell model single particle orbitals, defined by n, i and j, 
imposes a further selection criterion. Such arguments are clearly 
limited by the accuracy of the shell model and the extent of config­
uration mixing in both the initial and final states. Furthermore, 
the energy splitting of the j = £ ± ^ orbitals through the effects 
of the spin-orbit interaction in the shell model potential is too 
small for the lower ^-values to give a preference for either j on 
energy grounds.
The character of the final state B which is exploited in 
the direct nucleon transfer reaction is expressed in equation (11.43) 
where it is implicitly assumed that B contains a non-zero component
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corresponding  t o  the  v e c t o r  coupling  o f  a s i n g l e  p a r t i c l e  o r b i t ,  in  
the  weak coupl ing  r e p r e s e n t a t i o n ,  to  an i n e r t  core which may be a 
s h e l l  model,  r o t a t i o n a l  o r  v i b r a t i o n a l  s t a t e .
The c o e f f i c i e n t  a . i s  the am pli tude  o f  t h i s  component f o r
icj
t h e  £j o r b i t  and the  p r o b a b i l i t y  f o r  the  s t a t e  B assuming t h i s  con­
f i g u r a t i o n  i s  given  by th e  s p e c t r o s c o p i c  f a c t o r  [Ma60]:
S
*0
= v (11.64)
where v i s  th e  number o f  nucleons  in  B i d e n t i c a l  to  t h a t  t r a n s f e r r e d  
and i t  a r i s e s  from an t i s y m m e t r i z a t io n  o f  t h e  wave f u n c t i o n s  o f  
s t a t e s  A and B which so f a r  has been igno red .
In th e  con tex t  o f  the  s h e l l  model ,  v i s  th e  number o f  
nuc leons  in  the  £j o r b i t  and the  s p e c t r o s c o p i c  f a c t o r s  express  th e  
s p l i t t i n g  o f  th e  s i n g l e  p a r t i c l e  s t r e n g t h  o ve r  th e  f i n a l  nuc leus  
s t a t e s  because  o f  r e s i d u a l  i n t e r a c t i o n s  between th e  nuc leons  o u t s id e  
a more r e a l i s t i c  i n e r t  core .  The mean energy o f  th e  s t a t e s  over 
which the  ij o r b i t  i s  s p l i t  g ives  th e  e f f e c t i v e  s i n g l e  p a r t i c l e  
e n e r g y :
' £ j
^2v «sS)eb
pv»8™
(11.65)
and the  s p i n - o r b i t  s p l i t t i n g  i s  g iven  by:
A£ = E£, j=£-% '  E£ , j = £ + ^  * ( 11 . 66 )
The completeness  o f  th e  s i n g l e  p a r t i c l e  s t a t e s  leads  to  the  sum r u l e  
f o r  the  (d ,p )  r e a c t i o n  [Ma60]:
(B)
I ( 2 J b+1) s i j <2V 13
(11.67)
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£ iwhere N^J is the number of vacancies or holes in the £j shell in the 
target nucleus. The sum rule serves as a means of locating the full 
single particle strength if N^ -1 is well known or alternatively, by 
comparing values of N^J for different orbitals, it provides inform­
ation about configuration mixing in the target state.
Spectroscopic factors are extracted from experimental data 
by normalizing them against theoretical calculations in which pure 
single particle states are assumed. Owing to sensitivity of the 
magnitude of the theoretical cross-section to the adjustable para­
meters and the uncertainty of experimental normalizations, absolute 
spectroscopic factors have considerable errors whereas, when con­
sistency of normalization and theoretical parameters is maintained, 
the relative values are sufficiently accurate to extract meaningful 
conclusions from application of the relations (11.65) to (11.67).
39
CHAPTER I I I
THE REACTIONS 54C r (d ,d 0) 54Cr AND 54Cr ( d , p ) 55Cr 
I I I . l  EARLIER WORK
Because of  the  i n t e r e s t  in  th e  chromium i s o t o p e s  as a 
group,  and in  s y s t e m a t i c s  w i th in  the  2 p - l f  n e u t ro n  s h e l l ,  the 
r e a c t i o n s  d i s c u s s e d  in  t h i s  c h a p te r  have bo th  been i n v e s t i g a t e d  in  
b ro a d e r  s t u d i e s  p r e v i o u s l y .
Andrews e t  a l .  [An64] measured th e  e l a s t i c  s c a t t e r i n g  o f  
deu te rons  from the  fo u r  s t a b l e  chromium i s o t o p e s  a t  e n e r g i e s  r ang ing  
from 7 to  11 MeV. They performed a s p in  independen t  o p t i c a l  model 
s e a r c h  and i n v e s t i g a t e d  pa ram ete r  a m b i g u i t i e s ,  o t h e r  p a ram e te r  
e f f e c t s  and i s o to p e  and energy s y s t e m a t i c s .  This  work c o n s t i t u t e s  
the  s o l e  p r i o r  s tudy  o f  54C r ( d , d o ) b4Cr and s e rv e s  as a means o f  
checking and comparison f o r  th e  a n a l y s i s  which fo l low s  in  t h i s  
ch a p te r .
The f i r s t  i n v e s t i g a t i o n  o f  54C r ( d , p ) 55Cr was made by a 
group a t  Leningrad S t a t e  U n iv e r s i t y  [Bo64] who s t u d i e d  f o u r  chromium 
and t h r e e  i r o n  i s o t o p e s  by the  (d ,p)  r e a c t i o n .  Many s t a t e s  i n  55Cr 
were observed  i n c lu d in g  n ine  o f  those  s t u d i e d  h e r e .  A p la n e  wave 
B u t l e r  t h e o ry  a n a l y s i s  was used to  e x t r a c t  th e  ^ -v a lu e s  and reduced 
wid ths  o f  th e  s t r o n g e r  t r a n s i t i o n s ,  bu t  t h e r e  a re  some d i s c r e p a n c i e s  
w i th  the  ß -v a lu e s  c u r r e n t l y  accepted .  A r e - a n a l y s i s  o f  much o f  
t h e s e  d a t a ,  was l a t e r  c a r r i e d  out by the  same group [Gr68b] u s in g  
th e  DWBA, y i e l d i n g  va lues  of  the  s i n g l e  p a r t i c l e  s t r e n g t h  f o r  the  
s t r o n g e r  lo w - ly in g  l e v e l s ,  bu t  the £ -v a lu e s  were n o t  changed.
Also i n  1964, B je r regaa rd  e t  a l . [Bj64] c a r r i e d  out  an 
e x t e n s i v e  s tudy  of  the  ( p , p r ) ,  (d,p)  and (d ,a )  r e a c t i o n s  w i th  t a r g e t  
n u c l e i  th roughou t  th e  2 p - l f  s h e l l .  Twelve l e v e l s  in  SbCr up to
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2c275 MeV e x c i t a t i o n  were r e p o r te d ,  t h r e e  of  which have n o t  been 
observed by o t h e r  a u th o rs .  The va lues  of  the  e x c i t a t i o n  e n e rg i e s  o f  
th e  remain ing  l e v e l s  agree  c l o s e l y  with  r e c e n t  r e s u l t s  and by v i r t u e  
o f  the  r e p o r t e d  u n c e r t a i n t i e s  are cons ide red  t o  be th e  most ac c u ra te  
d e t e r m in a t io n s  o f  the  p o s i t i o n s  o f  th e s e  lo w - ly ing  l e v e l s .
The measurements o f  Bock e t  a l .  [Bo65] on 54C r ( d , p ) 55Cr at  
10 MeV, wi th  a subsequent  DWBA a n a l y s i s ,  p ro v id e  t h e  only  comprehen­
s iv e  c o m p i la t io n  o f  the  £ -va lue  ass ignments  and s i n g l e  p a r t i c l e  
s t r e n g t h s  o f  many l e v e l s  of  up t o  5 MeV e x c i t a t i o n .  Angular  d i s t r i b ­
u t i o n s  were measured forward  o f  80° and f i t t e d  with  DWBA c a l c u l a t i o n s  
which employed average o p t i c a l  model p a r a m e te r s .  The p r e s e n t  e x p e r i ­
ment employed th e  £-va lues  de termined  in  r e f e r e n c e  [Bo65] and the  
r e s u l t a n t  f i t s  v e r i f i e d  a l l  bu t  the  £ = 1 ass ignment t o  th e  3.043 MeV 
s t a t e  (g iven  as 3.017 MeV in  r e f e r e n c e  [Bo65]) which i s  d i s c u s s e d  in  
the  fo l low ing  t e x t .
In an i n v e s t i g a t i o n  in to  l e v e l  d e n s i t i e s  p o p u la te d  i n  (d ,p)  
and ( p , p ' )  r e a c t i o n s ,  Macgregor and Brown [Ma66] c a r r i e d  out  an 
a c c u ra t e  measurement o f  the  l e v e l s  i n  55Cr up to  6 MeV wi th  p a r t i c ­
u l a r  ca re  no t  t o  omit weak o r  poo r ly  r e s o lv e d  s t a t e s .  In f a c t ,  th e y  
observed 85 s t a t e s ,  many o f  which had no t  been p r e v i o u s l y  r e p o r t e d .
In th e  r e g io n  o f  i n t e r e s t  i n  the  c u r r e n t  work,  two of t h e  s t a t e s  have 
s u b se q u e n t ly  been a t t r i b u t e d  to  t a r g e t  i m p u r i t i e s  [Ma70]. Because o f  
th e  comple teness  and accuracy  of  t h i s  work,  th e  e x c i t a t i o n  e n e rg i e s  
r e p o r t e d  t h e r e i n ,  have been adopted in  t h e  p r e s e n t  a n a l y s i s .
The v a r io u s  r e s u l t s  quoted above have d i f f e r e d  i n  th e  
va lu e s  o f  t h e  l e v e l  e n e r g i e s  by as much as 50 keV, even though a l l  
measurements were performed with broad r a n g e ,  s i n g l e  or  m u l t i - g a p  
magnetic  s p e c t r o g r a p h s .  The l a t t e r  two exper iments  [Bo65 and Ma66], 
which are  th e  most r e c e n t  and complete ,  have c a l i b r a t i o n  f a c t o r s
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which give rise to a discrepancy of 25 keV at 3 MeV excitation. 
Measurements of the ground state Q-value of the 54Cr(d,p)55Cr 
reaction have been in closer agreement, three determinations differ­
ing by only 6 keV. For consistency the value of Macgregor and Brown, 
of Q = 4.033 MeV, has been used here.
The only definite assignment is J = 3/2 for the ground 
state, which was made on the basis of the log(ft) value of the ß 
decay to the 5/2 ground state of 55Mn [Au70a]. The results of a 
systematic observation of i = 3 j-dependence by Denning et al. [De68] 
listed a J = 5/2 state in 55Cr with a (d,p) Q-value of 3.23 MeV, 
which would correspond to an excitation energy of 0.80 MeV. The 
nearest known state is at 0.893 MeV and has been assigned an £ = 3 
transfer in both [Bo64] and [Bo65]. Presumably, therefore, the 
state reported by Denning et al. was in fact the 0.893 MeV level.
A resonance has been observed by Jolly et al. [Jo68] in 
54Cr(p,p0)54Cr at = 3.58 MeV. The resonance was strong and best 
fitted with values of £ = 1 and j = With reasonable values of the 
Coulomb energy, the resonance can only be interpreted as the analogue 
state of the 1.487 MeV level in 55Cr thus establishing the spin of 
the level as J = %. Since the 1.487 MeV level is separated from 
other £ = 1 states by almost 1 MeV in either direction, and further­
more, is strongly populated by the (d,p) reaction, the interpreta­
tion of the analogue resonance is reasonably certain.
A comparison and summary of the available data over the 
region of excitation studied in this work is given in table III.l 
and was compiled from reference [Au70a].
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Table III.l
Summary of Earlier Results on 55Cr from the 
54Cr(d,p)55Cr Reaction (taken from [Au70a])
[Bo64] , [Gr68b] [Bj 64] [Bo65] [Ma66]
E(MeV) (2J+1) E(MeV) E(MeV) o (2J+1) E(MeV) Level
(±0.03) X/n xS (±0.008) (±0.010) X/n xS (±0.010) Number
g.s. 1 2.1 g.s. g.s. 1 2.06 g.s. 0
0.23 1 0.34 0.248 0.241 1 0.39 0.245 1
0.523 0.517 3 1.40 0.524 2
0.60 1 0.66 0.574 0.564 1 0.47 0.573 3
0.93 3 0.890 0.879 3 0.94 0.893 4
0.920 5
1.20 1.213 3 0.29 1.229 6
1.418 7
1.52 1 0.98 1.486 1.470 1 0.97 1.487 8
1.656
1.775
1.979
2.00 2.023 2.008 2 1.35 2.031 9
2.09 2.093 2.078 4 6.7 2.098 10
2.31 1 0.25 2.275 2.260 0 0.23 2.283 11
2.48 2.320 2.341 12
2.545 3 0.4 2.570 13
2.596 3 0.48 2.622 14
2.679 1 0.1 2.695 15
2.710 16
2.79
2.874 17
2.886 1 0.43 2.905 18
2.97 3.017 1 0.04 3.043 19
3.114 20
3.145 3 0.8 3.168 21
43
III.2 EXPERIMENTAL PROCEDURE
111.2.1 General
The investigation of the reaction &L*Cr(d,p) 55Cr requires 
the observation of charged reaction products of comparatively low 
yield superimposed on a large background whose shape and intensity 
is a sensitive function of the reaction angle. Many of the levels 
of interest are closely spaced so that optimum energy resolution is 
desirable. However, for the purpose of obtaining angular distribu­
tions over a wide range of angles, the obvious choice of a magnetic 
spectrometer becomes impractical because of the small collection 
efficiency available and since, without a multi-gap facility, a 
spectrum at only one angle can be collected at one time. With these 
restrictions in mind, all the data were obtained with the use of 
solid state detectors. The beam intensity and target thickness were 
restricted by considerations of intrinsic resolution, pulse pile-up 
effects and count rate.
111.2.2 Apparatus 
III.2.2.1 Beam
A beam of 8 MeV deuterons was obtained from the A.N.U. EN 
tandem Van de Graaff accelerator and analyzed in a 90° bending 
magnet. The energy stability and resolution have both been previous 
ly estimated to be < 5 keV, by the observation of narrow resonances 
and (p,n) reaction thresholds during calibration of the accelerator 
system.
At the entrance to the scattering chamber, the beam was 
collimated by a series of four circular apertures of diameters .060" 
.090", .060" and .090" separated by 4" spacers. This system was 
designed both to define the beam spot on the target, and to minimize 
scattered beam reaching the target. The collimator was optically
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aligned to the beam axis. With correct focusing conditions for the 
magnetic quadrupole doublet located 15' from the scattering chamber, 
the beam spot at the target was observed to be < 2 mm across, indic­
ating an angular spread of less than *5°. The beam was collected in 
a Faraday cup with a platinum stopping plate. Electrostatic and 
magnetic suppression was employed to prevent the collection of 
secondary electrons from the target or collimators and similarly to 
prevent the loss of secondary electrons produced within the cup. The 
beam current was integrated with an ELCOR A309A current integrator. 
Steady currents of 1.0 yamp were available, but at forward angles, 
where the large elastic scattering cross-section would otherwise 
result in considerable pulse pile-up, it was necessary to reduce the 
beam to 10 namp.
111.2.2.2 Scattering Chamber
The scattering chamber is shown in figure III.l and has 
the basic design described by Ohlsen and Young [0h64] with recent 
modifications to allow the mounting of several detectors simultan­
eously on moveable discs at the bottom and the top of the chamber.
The detector blocks are mounted in radial or concentric annular 
slots; the latter allowing reproducibility of target detector dis­
tance. The angle of the moveable plates can be set to within 0.1° 
by means of a vernier scale. Rutherford scattering of a-particles 
from heavy targets has shown that symmetry about the beam axis is 
accurate to 0.1° and that the absolute angle scale is accurate to 
within ± 0.2° with foil targets [Ke68].
111.2.2.3 Targets
The targets were thin foils, nominally 100 yg/cm2 thick, 
prepared from Cr2 C> 3 powder enriched to 94% in 54Cr. The abundance
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o f  th e  v a r io u s  s t a b l e  Cr i s o t o p e s ,  as g iven  by the  s u p p l i e r s ,  i s  
shown in  t a b l e  I I I . 2. The method o f  p r e p a r a t i o n  invo lved  p l a c i n g  the  
oxide powder in  a clean t o r o i d a l  tan ta lum bo a t  which was h e a t e d  i n ­
s id e  a h igh  power RF induc tance  c o i l ,  a t  a p r e s s u r e  of  10-t+ t o r r .  
Glass microscope s l i d e s ,  w i th  a coa t ing  of  20 yg/cm2 of  ca rbon ,  were 
p la c e d  a t  equal  d i s t a n c e s  above the  b o a t .  When the  t e m p era tu re  of  
the  ta n ta lum  reached  600° - 700° C, t h e  underwent chemical
r e d u c t i o n  p roduc ing  m e t a l l i c  chromium and Ta 2 Ü4 . A f te r  about  3 - 5  
minu tes  a t  t h i s  t e m p e ra tu r e ,  the  boat  was h e a t e d  f u r t h e r  t o  1400° C 
where e v a p o ra t io n  o f  the  chromium occu r red .  The f o i l s  were c u t ,  
f l o a t e d  o f f  th e  g l a s s  i n t o  dem inera l ized  w a te r  and p ic ked  up on 
aluminium f ram es ,  ready f o r  mounting on the  t a r g e t  l a d d e r  of  the  
s c a t t e r i n g  chamber. Most o f  the  t a r g e t s  produced were s t r o n g ,  u n i ­
form and showed no d e t e r i o r a t i o n  a f t e r  exposure to  the  beam f o r  con­
t in u o u s  p e r io d s  of  up to  s i x t y  hours .  However, th e  carbon was a 
source  o f  c o n s id e r a b l e  background which p r e v e n te d  simple measurement 
o f  most of  the  p ro to n  groups from 54C r ( d , p ) 55Cr forward o f  60°.
Under s t e a d y  bombardment, a carbon d e p o s i t ,  which accumula ted  on th e  
f o i l  due t o  c r ac k in g  of  vapours produced by th e  pumping system,  
i n t e n s i f i e d  the  problem.
Table I I I . 2
Abundances o f  Chromium I so topes  i n  Enr iched  5t+Cr
Is o to p e 50 52 53 54
% Abundance 0.11 4.01 1.79 94.1
In o rd e r  to  measure the  t h i c k n e s s  o f  th e  t a r g e t s  and th e  
r e l a t i v e  abundances o f  i m p u r i t i e s ,  5 MeV a - p a r t i c l e s  and 3 MeV 
d eu te rons  were e l a s t i c a l l y  s c a t t e r e d  from the  t a r g e t  a t  ang les  from
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15° to 80° in the laboratory system. The angular distribution of 
the ratio of the yield of particles scattered from chromium to the 
Rutherford cross-section is shown in figure ill.2 and is constant 
to within experimental uncertainties. The target-thickness x solid 
angle product was obtained from the formula:
fti K x ze A N0 * CHI « 1)
where ft = solid angle of the detector 
t = target thickness in yg/cm2 
ze = charge of incident particle 
A = average mass number of the enriched Cr 
N q = Avogadro's number
K = ratio to Rutherford cross-section of the yield per 
yC of collected charge.
For the two targets used, the values were 11.2 ± 0.1 and 
27.8 ± 0 . 1  yg/cm2 .msr and correspond to thicknesses of 52.1 ± 0.6 
and 63.0 ± 0 . 2  yg/cm2 . Figure III.2 also shows a typical spectrum 
of scattered a-particles. The presence of tantalum, oxygen and 
carbon was revealed and the relative atomic abundances measured from 
these spectra are shown in table III.3.
Table III. 3
Relative Atomic Abundances of Target Contaminants
Material Cr Ta 0 C
% content (1) 100 0.2 15 385
% content (2) 100 0.2 60 507
(a)
ö|nh= 5 0
Z  200
CHANNEL
c/>H
Z3
ma:<
( b)  b“ 
a
LjJ
>-
E = 5 MeV
10 20 30 40 50 60
0. . (DEGREES)
70 80 90
Figure III.2:
(a) Spectrum of scattered a particles, showing the target con­
taminants.
(b) Angular distributions of the ratio to Rutherford for 
scattered a particles and deuterons from a chromium target.
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III.2.2.4 Detector Assemblies
Two types of particle detectors were used. The 8 MeV data 
were collected using ORTEC silicon surface barrier detectors with a 
nominal depletion depth of 1000 \i and sensitive areas of 50 mm2, 100 
mm2 and 150 mm2. For the data taken at 11 MeV, the spectra were 
measured using KEVEX lithium drifted silicon detectors of 2000 y 
depletion depth and 100 mm2 sensitive area. When fully depleted, 
the detectors stop 12.5 MeV and 18.5 MeV protons respectively.
The detectors were mounted on blocks which were placed 20° 
apart in one of the two concentric slots on the chamber base. One 
detector, fixed to the lid of the chamber, remained at a constant 
angle and acted as a target monitor. The solid angle subtended at 
the target was defined by a small rectangular slit aperture cut out 
of .015" - .020" thick tantalum which is sufficient to stop any 
charged products from reactions induced in the target. The defining 
edges of the slits were accurately positioned relative to the centre 
of the chamber at distances of either 4.125" or 7.125", and the 
detector faces were .5" beyond the slits. Slit dimensions were chosen 
to give a solid angle and angular resolution of 1 msr and 1° 
respectively.
Permanent magnets attached to the front of the detector 
blocks provided a magnetic field of approximately 450 gauss which is 
sufficient to sweep electrons emitted from the target, from the 
solid angle of the detectors without significantly deflecting the 
reaction products (~ 0.1°). Suppression of electrons considerably 
improved the energy resolution. A further improvement can be made by 
cooling the detector. To this end, the scattering chamber provides 
the facility of placing the detectors in thermal contact with chilled 
alcohol. The alcohol is pumped through 0.25" diameter copper tubing
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which is immersed in a liquid nitrogen cold trap. The tubing enters 
the scattering chamber through a teflon plug and forms a ring which 
is rigidly connected to, and rotates with, the moveable base. The 
detector holder is in metallic contact with the ring and the cooled 
parts are thermally insulated from the rest of the chamber by a 
lucite block. Leakage current in a cooled detector is reduced to 
< 0.05 yamp, allowing full bias to be applied without risk of break­
down across the detector. In the case of the present experiment, it 
was found that while the magnets improved the energy resolution sig­
nificantly, the cooling provided only marginal improvement and was 
used only during collection of the forward angle data. The optimum 
energy resolution obtained with the surface barrier detectors was 25 
keV for 11 MeV protons, but 40 keV was a more typical figure. The 
lithium drifted detectors were capable of 20 keV resolution routinely 
without cooling.
III.2.2.5 Electronics
The circuit employed for each detector system comprised 
linear and biased amplification. RC shaping was used in the linear 
amplifiers with differentiation and integration time constants of 
0.5 yseconds. To reduce pulse pile-up at forward angles, the better 
intrinsic resolution of RC shaping was sacrificed in favour of 
double delay-line amplification in which the pulse length was 1.6 
yseconds so that a count rate of ~ 105 cts/sec could be maintained.
The pulses from all detector systems were stored in an 
array of 4096 channels of an IBM 1800 data acquisition system through 
two INTERTECHNIQUE 12-bit analogue to digital converters. The 
spectrum associated with each detector was sorted by a routing system 
which is shown schematically in figure 111.3.
Real time and computer live time were measured by scaling
LOGIC
GEN.
ROUTING
UNIT
LOGIC LINEAR
INPUT INPUT
DISC.
LOGIC
GEN.
DETECTOR DETECTOR
IV
LOGIC
GEN.
DISC.DISC.
DETECTOR
LOGIC
GEN.
DETEC
PRE­
AMPLIFIER
BIASED
AMPLIFIER
BIASED
AMPLIFIER
BIASED
AMPLIFIER
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AMPLIFIER
PRE­
AMPLIFIER
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AMPUF1ER
PRE­
AMPLIFIER
SUM
AMPLIFIER
SUM
AMPLIFIER
UNEAR
AMPUFIER
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AMPUFIER
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LINEAR
AMPLIFIER
1800
COMPUTER
Figure III.3: Block diagram of the electronics used in the (d,dg)
and (d,p) measurements.
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clock pulses. Automatic control of both the scalers and the computer 
from the current integrator enabled precise relative normalization 
and averaged dead time corrections»
III.2.3 Data 
III.2.3.1 Spectra
Angular distributions of the emergent proton groups were 
measured in 5° steps from 15° to 160° in the laboratory system, at an 
incident deuteron energy of 8 MeV and in 7»5° steps from 15° to 165° 
at 11 MeV. Excitation functions were measured in both coarse and 
fine steps around 8 MeV deuteron energy; spectra being taken at 80° 
and 95° (laboratory angles) in 200 keV steps from 7.0 to 8.2 MeV and 
at 95° and 145° (lab.) in 5 keV steps from 7.94 MeV to 8.08 MeV.
The spectra revealed the presence of protons and scattered 
deuterons from 54Cr, l60 and 12C, with weak contaminant groups 
attributed to the reactions 18:Ta(d,d0)18■Ta, 52Cr(d,p)53Cr and 
54Cr(d,a)52V, the yield from the last reaction becoming comparable to 
the (d,p) yield at the higher energy. The Q-values for the (d,p) 
reaction on 12C and i50 are 2.72 MeV and 1.92 MeV respectively, and, 
as a result, the proton groups are situated in the region of interest. 
The cross-sections for these reactions are large compared to that for 
54Cr(d,p)55Cr and the kinematic effects cause the contaminant groups 
to progressively obscure the peaks arising from the latter reaction.
For the purpose of calibration, the proton group leading to 
the ground state of 55Cr and the two deuteron groups resulting from 
the population of the ground state and 0.871 MeV first excited state 
of 54Cr were located. The reliability of the value of the ground 
state Q-value of the reaction 5:+Cr (d,p) 55Cr has been discussed above, 
and similarly, measurements of y-rays associated with the 3 decay of 
54Mn have accurately established the energy of the 0.871 MeV state of
50
54Cr. A l i n e a r  c a l i b r a t i o n  fu n c t io n  was d e r iv e d  from the  c a l c u l a t e d  
e n e rg i e s  of the  t h r e e  peaks ,  and the e n e rg i e s  of  the o t h e r  groups 
were checked f o r  s e v e r a l  ang les .  The va lues  agreed wi th  those  
measured by Macgregor and Brown [Ma66] t o  w i th in  the  accuracy  o f  the  
c a l i b r a t i o n .  In t h i s  way, p ro ton  groups le ad ing  to  e i g h t e e n  s t a t e s  
o f  55Cr up to  3.168 MeV e x c i t a t i o n  were i d e n t i f i e d .  S ix te e n  an g u la r  
d i s t r i b u t i o n s  were e x t r a c t e d ;  however some have l a rg e  u n c e r t a i n t i e s  
because of  the  background and low y i e l d s .  Although th e  d o u b le t  a t  
2.7 MeV e x c i t a t i o n  was not  s e p a ra t e d  in  the  p r e s e n t  d a t a ,  the  s p e c t r a  
measured w i th  r e s o l u t i o n  l e s s  than  30 keV show the group to  be 
d i s t i n c t l y  b ro a d e r  than surrounding  peaks .
Typ ica l  s p e c t r a  are shown in  f i g u r e  I I I . 4.  The e l a s t i c  
group was a l s o  e x t r a c t e d  to  al low s im ul taneous  o p t i c a l  model a n a l y s i s  
and so p ro v id e  deu te ron  d i s t o r t i o n  p a r a m e te r s .
I I I . 2 . 3 . 2  Peak I n t e g r a t i o n
Most peaks were added by hand,  and the  a r e a  o f  th e  b a c k ­
ground was e s t im a te d  by averaging over  n e ighbour ing  channe ls  ( f o r  
l i n e a r  b a c k g ro u n d s ) , or  by v i s u a l l y  f i t t i n g  the  shape o f  a s lo p in g  
background.  Because o f  the skewed peak shape ,  the  l a rg e  background 
y i e l d  and i t s  s t r o n g  dependence on an g le ,  computer a n a l y s i s  r e q u i r e d  
n o n - l i n e a r  t e c h n iq u e s  with  compl ica ted  fu n c t i o n s  and proved  u n s u i t ­
ab le  f o r  most s p e c t r a .  With such codes ,  c o n s i s t e n c y  could  no t  be 
o b ta in ed  f o r  the  y i e l d s  a t  d i f f e r e n t  a n g l e s ,  bu t  manual a n a l y s i s  can 
account  f o r  f a c t o r s  which cannot  be inc luded  r e a d i l y  in  a computer  
code. In the  case o f  the  h ig h e r  r e s o l u t i o n  work a t  11 MeV, many u n ­
r e s o lv e d  and p a r t i a l l y  r e s o lv e d  m u l t i p l e t s  were f i t t e d  w i th  symmetric 
Gaussian fu n c t i o n s  by the  method o f  l i n e a r  l e a s t  s q u a re s .  The codes 
are d e s c r ib e d  in  r e f e r e n c e  [0p70a] .
C
r(
d,
pr
°C
r 
Ed
 *
 8
.0
 M
eV
IO
(loox)
siNnoo
-d
<u
r HfH<uX5d
«—I
<uuct}
F
ig
ur
e 
II
I.
4
a:
 
S
pe
ct
ra
 o
f 
pr
ot
on
s 
fr
om
 t
he
 r
ea
ct
io
n
 
54
C
r(
d
,p
)b
bC
r 
at
 
8 
M
eV
. 
Th
e 
gr
ou
ps
w
it
h 
th
e 
nu
m
be
ri
ng
 u
se
d 
in
 
[M
a6
6]
 
an
d 
ta
b
le
 
II
I.
l.
CM
Uizz<X
Ü
siNnoo
ooCM
Fi
gu
re
 I
II
.4
b:
 
Sp
ec
tr
a 
of
 p
ro
to
ns
 f
ro
m 
th
e 
re
ac
ti
on
 5
4C
r(
d,
p)
55
Cr
 a
t 
11
 M
eV
. 
Th
e 
gr
ou
ps
 a
re
 l
ab
el
le
d
wi
th
 t
he
 n
um
be
ri
ng
 u
se
d 
in
 [
Ma
66
] 
an
d 
ta
bl
e 
II
I.
l.
51
I I I . 2 . 3 . 3  N orm al iza t ion  and E r ro r s
All  s p e c t r a  were r e l a t i v e l y  normal ized  to  the  same va lue  of  
the  i n t e g r a t e d  charge .  The m on i to r  d e t e c t o r  served  to  check a g a i n s t  
v a r i a t i o n s  in  the  c a l i b r a t i o n  of  th e  i n t e g r a t o r  and t a r g e t  d e t e r i o r a ­
t i o n  bu t  r e v ea led  no s y s t e m a t i c  changes i n  th e  n o r m a l i z a t i o n  c o n s t a n t .  
Since  the  d es ign  of  the  s c a t t e r i n g  chamber ensu res  equal  r a d i a l  d i s ­
placements  o f  a l l  d e t e c t o r s ,  s o l i d  a n g le s ,  and hence d e t e c t o r  y i e l d s ,  
were taken  as p r o p o r t i o n a l  t o  th e  p l a n a r  a rea s  o f  th e  d e f i n i n g  s l i t s .  
The r e l a t i v e  no rm al ized  y i e l d  i s  c a l c u l a t e d  from the
formula :
Y = x U ’ ( H I . 2)
where T = t o t a l  c o u n t s ,
B = background c o u n t s ,
Q = c o l l e c t e d  charge ,
R = r e a l  t im e ,
and L = l i v e  t ime.
The dead t ime c o r r e c t i o n  exn res sed  in  the  l a s t  f a c t o r  in  equ a t io n  
( I I I . 2) i s  only  p r e c i s e  f o r  a c o n s t a n t  beam c u r r e n t .  However the  
t o t a l  dead t ime c o r r e c t i o n  r a r e l y  exceeded 2%, so t h a t  the  c o n t r i b u ­
t i o n  o f  the  e r r o r  in  th e  c o r r e c t i o n  to  the  r e l a t i v e  e r r o r s  was 
ignored .
E r ro r s  in  th e  y i e l d s  de termined  by manual a n a l y s i s  i n c o r ­
p o r a t e  s t a t i s t i c s  in  the  t o t a l  and background counts  and a c o n t r i b u ­
t i o n  from the  charge c a l c u l a t e d  from the  m o n i to r / c h a rg e  r a t i o  C = M/'Q 
where M i s  th e  e l a s t i c  y i e l d  in  th e  moni to r  spec trum. The e r r o r  e i s  
given by the  fo l lo w in g :
K 2 _ T+B / ACw fT-Rl2 1 Cy
2
( H I . 3)
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In situations where the background was large and rapidly varying, a 
more significant error than from statistics arose from the uncertain­
ty in estimating the background shape. In such cases, the error in B 
was arbitrarily, but not unrealistically, taken to be 25%, so that 
equation (III. 3) becomes:
K 2 _ T+B2/16 ( f AC jId (T-B)2 1M + r} • (III.3a)
Where least squares fitting was employed, internal errors using 
statistical weights were used for the fitted yields.
For repeated measurements with errors e^, weighted mean 
values were calculated from the formulae:
Y l “didl l w.l
e =
- (III.4)
where w. = e.-2.l l
From the measured value of the solid angle x target thick­
ness product Aft.T, absolute values of the differential cross-section 
were calculated from the relative normalized yield Y by the defining 
relation:
da 1 zeA
dft W 7 t  * N 0J '
where ze = charge of the incident particles, 
A = mass number of the target, and 
N 0 = Avogadro’s number.
(III.5)
The quantities in the square brackets are constants of well known
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value. Since the isotopes of chromium are not resolved in elastic 
scattering groups, the target thickness measurements and the
/
54Cr (d ,dg) b4Cr angular distributions, include contributions from the 
6% of 50Cr, 52Cr, and 53Cr in the target. Thus the measured value of 
Aft.i was used to normalize only the elastic scattering data, but in 
the case of the reaction distributions, a correction factor of 0.94 
was included in equation (III.5).
The repetition of measurements at several angles provided 
a means of correcting for changes in target thickness arising from 
use of a different target or target orientation. From ratios of 
such repeated measurements, a variation of 6% in normalization was 
observed which lies within experimental errors and reasonable varia­
tion in target thickness. Although the quantity Aft.t is measured 
accurately, an error of 10% is considered appropriate for the 
absolute normalizations of all cross-sections.
A program ADELE was written for the purpose of reducing 
raw data to final mean normalized cross-sections and errors, convert­
ing them to centre-of-mass values and, in the case of elastic scat­
tering data, calculating the ratios to Rutherford cross-section.
Finally geometrical errors are considered. The scattering 
angle can be set to ± 0.2°. An eccentric scattering geometry, aris­
ing from a non-central beam spot, provides a possible further error 
in the angle. Assuming Rutherford scattering for the 54Cr (d ,d0)54Cr 
cross-section, the upper limit of the resulting error is estimated 
to be 6% at 20° and 2% at 90°.
The error bars in the figures represent relative errors 
from the statistics and the fitting procedure. They do not include 
the angular uncertainties.
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III.3 ANALYSIS OF THE REACTION 54Cr (d,d0)54Cr 
III.3.1 Fitting Procedure
The elastic scattering data measured at 8 MeV and 11 MeV 
were compared to calculations based on the optical model, according 
to the formalism of chapter II. 1. For the purpose of this analysis, 
a computer program named FIDEL was developed to perform single cal­
culations, grid searches on one or two parameters, or best fit 
searches based on a non-linear least squares technique on any number 
of parameters. The optical model code, which contains spin-orbit 
forces for spin-^ and spin-1 projectiles, was obtained from the DWBA 
program DWUCK developed by Kunz [Ku66] from the earlier program 
JULIE. The only essential modification to the calculation was the 
inclusion of an option to specify matching radii for the numerical 
integration of the partial waves. To obtain a high degree of 
accuracy in the numerical integration and function matching, the 
program FIDEL was coded in double precision for the IBM 360/50 com­
puter, and compares very well with the results of other well proven 
optical model codes.
Best fit searches are subject to an optimization criterion 
based on minimizing the quantity:
X2
N
l
i= 1
e (ei) - c C e ± ) 
Ae (0.)I 1 J (N-M) , (III.6)
where e(0.) are experimental values of the differential cross-section 
measured at angles 0^ and with errors Ae(,0^); C(0^) are the corres­
ponding optical model predictions and N and M are the numbers of 
experimental points and fitted parameters respectively. The quantity 
X2 *(N-M) is distributed as a y2 variate with (N-M) degrees of freedom 
provided that the errors Ae(0^) are the standard errors of a normal
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v a r i a t e  e(0^)  w ith  mean C(0 ) , and f u r t h e r  t h a t  the  M f i t t e d  -para­
mete rs  a c t  as l i n e a r  c o n s t r a i n t s .  Although th e s e  assumptions are no t  
s t r i c t l y  v a l i d ,  the  p r o p e r t i e s  o f  th e  x2 d i s t r i b u t i o n  can be used  to  
a s s e s s  l e v e l s  of  s i g n i f i c a n c e  f o r  X2 , whose mean va lue  i s  approx im ate ­
ly  u n i t y .
The m in im iza t ion  of  X2 i s  c a r r i e d  out  by the  s u b ro u t in e  
FITTEM [Ha68] which ex p lo re s  the  f u n c t i o n a l  s u r f a c e  of  X2 with  r e s ­
p e c t  to  th e  f i t t e d  pa ram e te rs  and seeks th e  p o s i t i o n  o f  th e  lo c a l  
minimum. Because o f  the  u n p r e d i c t a b l e ,  c o r ru g a t e d  n a t u r e  o f  th e  
s u r f a c e ,  t h e r e  are i n  gene ra l  a m u l t i p l i c i t y  of  l o c a l  minima and the 
r e s u l t  o f  the  sea rch  depends s e n s i t i v e l y  on the  s t a r t i n g  v a l u e s ,  
inc re m e n ta l  s t e p  s i z e s  and o rd e r  of  the  p a r a m e t e r s ,  and th e  s e n s i ­
t i v i t y  l e v e l  f o r  X2 , a l l  of  which are  p rov ided  to  the  code as e x t e r ­
n a l  d a t a .  The u s e f u l n e s s  o f  the  sea rch  mode i s  r e s t r i c t e d  by such 
d i f f i c u l t i e s ,  n e c e s s i t a t i n g  th e  e x e r c i s e  o f  c o n s id e r a b l e  c a u t io n .
The pa ram e te r s  ob ta in ed  by any f i t  are s u b j e c t i v e l y  a s s e s s e d  f o r  
" p h y s i c a l  r e a l i t y " .  The p ro g re s s  o f  th e  s e a r c h  can be r e c o n s t r u c t e d  
from the  program ou tp u t  and i n  t h i s  way i t  i s  p o s s i b l e  t o  d e t e c t  
ma thematica l  d i f f i c u l t i e s  encountered  by th e  s e a r c h  r o u t i n e ,  which 
may have r e s u l t e d  i n  t h e  l o c a t i o n  o f  " u n n a t u r a l "  minima. By chang­
ing  th e  o r d e r  o f  th e  p a r a m e te r s ,  a d i f f e r e n t  t r a v e r s e  o f  th e  X2 s u r ­
f ace  i s  chosen and the  problem o b v ia ted .  Most commonly, the  problems 
a r i s e  from c o r r e l a t i o n s  between two or more o f  t h e  p a r a m e te r s .  In 
g e n e r a l ,  t h e  c o r r e l a t i o n s  b e a r  no p h y s i c a l  s i g n i f i c a n c e  but  merely 
r e f l e c t  ma themat ica l  e c c e n t r i c i t i e s  o f  the  f i t t i n g  f u n c t i o n  o r  th e  
o r  th e  co m p le x i t i e s  i n  the  d a t a .
The p o t e n t i a l  employed in  th e  a n a l y s i s  resembles  t h a t  of  
eq u a t io n  ( I I . 5 ) .  The convent ion  i s  t h a t  of  the  codes DWUCK and FIDEL 
and pa ram e te r s  quo ted  in  t h i s  d i s s e r t a t i o n  f o r  bo th  o p t i c a l  model and
DWBA analyses are defined in terms of the adopted convention, The 
form is:
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df (r)
V (r) = Vc(r) + Ufu (r) + iWaw — ~ —
df Cr) df (r)
S — *--- + iT
i
dr dr - if-s ,
(III.7)
where v (r) = 1 ^ 1  [3R2 - r2] C „„3 L c J for r < R
R = r A c c
r
1/3
for r > R
is the charge radius
and
ze, Ze are the charges on the projectile and target ,
fy (r) = [1 + exp {(r - r ^ 1 /3)/a >]
-1
In the more popular conventions, the form factor for the surface
absorption term is normalized to unity at the nuclear boundary,
1/3 2r = r A ; also, the spin-orbit term contains the factor ^W r TT
defined in equation (II.3) and is proportional to £„g. For the 
purpose of comparison with the more common convention, the potential 
strengths of equation (III.7) must be adjusted in accordance with 
table III.4.
Table III.4
Potential Strength Conventions
Potential UsualConvention FIDEL, DWUCK
Real U U = Uc c
Surface Imaginary Wc w = 4Wc
Spin-orbit Sc s = 2Sc for spin-1
“ 4Sc for spin-%
57
The s p i n - o r b i t  wel l  may a l so  be r e l a t e d  to  the  c e n t r a l  
p o t e n t i a l  in  analogy with  equ a t io n  ( l i e  3) by w r i t i n g  i t  p r o p o r t i o n a l  
t o  th e  o r i g i n a l  Thomas form of atomic p h y s i c s :
Vso (r) 45.2
, d f
x u  x — ' y i , s r  d r  ~ ~ ( I H . 8 )
where X i s  the  p r o p o r t i o n a l i t y  c o n s t a n t ,  o r  Thomas f a c t o r ,  and th e  
c o n s t a n t  45.2 i s  th e  r a t i o  of  the  n u c l e a r  and atomic n o r m a l i z a t i o n  
f a c t o r s  > the  s u b s c r i p t  p r e f e r r i n g  t o  th e  p ro to n .
I I I . 3.2 R esu l t s
Angular  d i s t r i b u t i o n s  of  the  r a t i o s  o f  th e  c r o s s - s e c t i o n s  
t o  R u th e r fo rd  are  compared f o r  th e  two deu te ro n  e n e rg i e s  i n  f i g u r e  
I I I . 5. From forward angles  where the  s c a t t e r i n g  i s  p u r e l y  Coulomb, 
the  y i e l d  f a l l s  s t e a d i l y  th rough un i fo rm ly  s e p a r a t e d  maxima and min­
ima which become more pronounced and c l o s e l y  spaced a t  11 MeV. The 
r a t e  o f  d e c r e a s e  a l s o  i n c r e a s e s  with  energy  t o  a lowes t  va lue  of
0.16  a D a t  8 MeV and 0.05 a D a t  11 MeV.
K K
From a r e c e n t  a n a l y s i s  [A167] of  52C r ( d , d 0) 52Cr a t  11 MeV, 
u s in g  a Woods-Saxon d e r i v a t i v e  a b s o rp t i o n  term and s p i n - o r b i t  com­
ponen t ,  p a r am e te r  s e t s  co r responding  t o  d i s c r e t e  f a m i l i e s ,  l a b e l l e d  
A, B and D i n  t h a t  r e f e r e n c e ,  se rved  as i n i t i a l  p a ram e te r s  f o r  th e  
c u r r e n t  a n a l y s i s .  A f o u r t h  s e t  ( l a b e l l e d  C) was o b ta in e d  from a 
s im ul taneous  a n a l y s i s  in  r e f e r e n c e  [A167] of  50C r ( d , d 0) 50Cr a t  9 MeV. 
The n o t a t i o n  A8, A l l ,  e t c . ,  used in  th e  p r e s e n t  d i s c u s s i o n , d e s i g n a t e s  
p a ram e te r  s e t  and energy i n  an obvious way.
C a l c u l a t i o n s  w ith  the  s t a r t i n g  p a ram e te r s  reproduced  the  
phase  o f  th e  d i f f r a c t i o n  s t r u c t u r e  bu t  no t  th e  i n t e n s i t y  o r  s l o p e ,  
and,  as a r e s u l t ,  th e  r e a l  p o t e n t i a l  d e p t h ,  t o  which th e  phase i s  
very s e n s i t i v e ,  needed l i t t l e  ad jus tm ent .  To ach ieve  a f i t ,  i t  was
100
B4Cr(d,d0)84Cr
o Ej= 8 MeV 
.  Ed= II MeV
100 120 140 160 180
0 CM (DEGREES)
Figure  I I I . 5: Comparison o f  e l a s t i c  s c a t t e r i n g  a n g u la r  d i s t r i b u t i o n s
a t  8 MeV and 11 MeV.
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necessary to increase the slope of the structure which depends on the 
imaginary well parameters and the real diffuseness. The desired 
improvement was effected by changes to W or a^ and, to a lesser 
extent, to a . A strong correlation was observed between a and both 
the depth and radius of the imaginary potential, but independent var­
iation of the three variables showed that for each parameter set and 
energy, an increase in a^ of 10% at 8 MeV and 20% at 11 MeV achieved 
satisfactory fits with only small improvements arising from further 
adjustment to W and a . The initial value of r was well optimized 
and the quality of the fit proved very sensitive to small changes in 
it.
The correlation between the real diffuseness and the imag­
inary well is attributable to the ability of each of the parameters 
involved to change the average slope of the angular distribution. 
Unlike a^, the imaginary well depth and radius also affect the mag­
nitude of the structure. Since the slope was the principal feature 
requiring adjustment in order to achieve a satisfactory fit, the real 
diffuseness plays an important role, the significance of which is 
further discussed below.
With these general trends established, final best fit para­
meters were sought by a sequence of three x2 searches over the 
following combinations of parameters:
(i) U, r , a^ with the starting parameters of reference [A167];
(ii) W, r , a^ with the parameters obtained in (i); and
(iii) U, r^, a^, W, r^, a^ with the parameters obtained in (ii).
The final parameters are listed in table 111.5 and the corresponding 
fits are displayed in figure III.6. The trends discussed above were 
reproduced in the more complete parameter search. U and W changed 
only little as expected from the small changes in the energy and
<r/<r.
<r/o-.
<r/<r.
( 0 ) E 8 MeV
• DATA
—  A8
—  88 
■*- C8 
—  08
( b )  E II MeV
DATA 
All 
B11 
Cll 
Dll
( C )  E II MeV
DATA
AIIS
BUS
DIIS
0 1 - -
(DEGREES)
Figure III.6: Optical model fits to the (d,do) angular distributions
using the parameters of table III.5.
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target mass number. The small variations observed in the real and 
imaginary well radii can be understood in view of the strong correla­
tions between U and r and between a and r and the nature of the v2u u w
search process. Because of the greater sensitivity of the theoret­
ical calculations to the radii, with comparable step sizes in the 
fitting routine, the radii are by-passed in the first search cycle in 
favour of those parameters whose steps are consistent with the sensi­
tivity levels in X2. Thus, minimization of X2 is effected by U and
a in the first cycle and little further adjustment of r or r is u J u w
required. In general, the optimum values of correlated variables 
depend on the initial step sizes and parameter order.
The increase in the diffuseness parameters a^ and a for 
each parameter set reflects a characteristic of the isotope 5HCr 
which was also observed in the data of Andrews et alc [An64]. In a 
comparison of elastic deuteron scattering from the four stable 
chromium isotopes, it was observed that the angular distributions 
from 52Cr, 52Cr and 54Cr were very similar and displayed no gross 
shell effects or variation with isotope. However, although the 
slopes of the distributions from the first two targets were equal, 
that corresponding to 5i+Cr was 20% greater. The optical model para­
meters quoted in the reference also show an increase in the diffuse­
nesses for 54Cr relative to the other isotopes.
In the case of the 8 MeV data, the parameters of table 
III.5 provided excellent fits with X2 converging to 0.6 for sets A,
C and D and to 0.3 for set B. Fits to the 11 MeV data were of some­
what poorer quality and, even with fewer experimental points, X2 
could not be reduced below 13 by the method described above except 
for set C. As for the lower energy, the B parameters provided the 
most satisfactory representation. Sets A and D failed to predict the
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maxima in  the  c r o s s - s e c t i o n  a t  80° and 140° , w hile  s e t  C, u s ing  zero 
s p i n - o r b i t  p o t e n t i a l s ,  as no s t a r t i n g  va lues  were p rov ided  in  the  
r e f e r e n c e ,  i n a d e q u a te ly  p r e d i c t e d  both the  magnitude and phase of  th e  
s t r u c t u r e  backward of  100°. The g r e a t e r  d i f f i c u l t y  i n  f i t t i n g  t h e  
11 MeV d a t a  i s  a consequence of  ( i )  p o o r e r  q u a l i t y  d a t a ,  as shown i n  
the  f a i l u r e  t o  co n ta in  a smooth curve w i th i n  the  e r r o r  b a r s ;  and 
( i i )  t h e  g r e a t e r  s e n s i t i v i t y  a t  t h i s  energy to  the  s p i n - o r b i t  p a r a ­
m e te r s .  The second p o i n t  i s  ta ken  up i n  th e  n ex t  s e c t i o n .  Andrews 
e t  a l . have a l s o  noted  a g r e a t e r  d i f f i c u l t y  to  f i t  t h e  in c r e a s e d  
s t r u c t u r e  a t  the  h ig h e r  energy.
L i t t l e  d i f f e r e n c e  i s  observed between th e  8 MeV and 11 MeV 
p a ra m e te r s .  The smal l  dec re a se  in  U f o r  equal  v a lu e s  o f  r  , and the  
i n c r e a s e  in  W o ccu r r in g  a t  the  h ig h e r  en e rg y ,  concur w ith  th e  wel l  
e s t a b l i s h e d  energy dependence quoted f o r  example in  [Ho66]. A small  
i n c r e a s e  10%) i n  a^ w i th  energy i s  a l s o  a p p a re n t .  The o th e r  p a r a ­
m e te rs  show no s y s t e m a t i c s .
An a t tem p t  t o  f i t  the  8 MeV d a t a  w i th  a volume a b s o r p t i o n  
term o f  t h e  form W f^Cr) i s  shown i n  f i g u r e  I I 1 .7 .  The f i n a l  B-type 
pa ram e te r s  o f  t a b l e  I I 1.5 were used and th e  dep th  o f  the  imaginary  
p o t e n t i a l  was a d j u s t e d .  A b e s t  f i t  was o b t a in e d  w i th  = -57 .1  MeV 
u s ing  th e  i n i t i a l  g e o m e t r i c a l  param ete rs  o f  the  s u r f a c e  a b s o rp t i o n  
term. No improvement was ob ta ined  w i th  a subsequen t  f i t  to  th e  t h r e e  
pa ram e te r s  W^, r^ and a and X2 = 3.1 was th e  f i n a l  v a l u e .  A compar­
ison  i s  made in  f i g u r e  111.7 from which i t  i s  concluded  t h a t  s u r f a c e  
a b s o r p t i o n  i s  p r e f e r r e d ,  in  agreement w ith  t h e o r e t i c a l  e x p e c t a t i o n s  
a t  th e s e  low e n e r g i e s .
I I I . 3 . 3 S p i n - o r b i t  P o t e n t i a l
The a n a l y s i s  d i s c u s s e d  in  the  l a s t  s e c t i o n  r e t a i n e d  con­
s t a n t  s p i n - o r b i t  p o t e n t i a l  p a r a m e te r s ,  u s in g  the  v a lu e s  o f  [A167]
10-0
S4Cr(d,do)54Cr 
Ed = 8 MeV
•  DATA
------  SURFACE ABSORPTION
------- VOLUME ABSORPTION
01 —
(DEGREES)
Figure III.7: Optical model fits to the 8 MeV elastic scattering
data using surface and volume absorption.
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for all cases except C8 and Cll for which no initial values were 
provided in the reference and the spin-orbit term was then taken to 
be zero, Subsequent removal of the spin-orbit force for sets A, B 
and D resulted in minimal changes in the value of X2 , except in the 
Bll case where a significant improvement to the fit resulted, reduc­
ing X2 to 7.1.
Calculations using the real well geometry for the spin- 
orbit term were carried out over a grid of values of S and T. The 
cross-section angular distribution proved very insensitive to both 
parameters whose only effects were observed in the intensity, and, 
in the case of T, the phase of the diffraction structure backward of 
100°. The sensitivity depends on the size of the central potential 
and hence the relative importance of the spin dependent term. This 
was borne out in the results, with the B and D parameters showing 
almost no effect while for the A and C sets the structure beyond 120° 
was removed for values of S ~ -20 MeV.fm2. Although it was imposs­
ible to select best fit values of S or T by this procedure, it was 
evident that the maximum/minimum ratio of the cross-sections in the 
sensitive area, were most accurately predicted by values of S which 
increased with the real potential depth from -5 MeV.fm2 for C to -15 
MeV.fm2 for D in agreement with the results of reference [A167]. No 
such conclusion could be drawn about the imaginary spin-orbit 
strength.
A similar grid on S and T for the B8 and Bll parameters 
using the small geometry r^ = 0.7 fm and as = 0.4 fm (This geometry 
is discussed in section III.7.4.1) revealed no significant differ­
ences in the cross-section calculations.
Because of the possible correlations between parameters of 
the central and spin-orbit potentials, the 11 MeV data were re-
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analyzed with the inclusion of the real spin-orbit potential strength 
as a fitted parameter. The procedure was to start with the para­
meters of Alty et al. and vary U and a . With the resultant final 
values, the following parameters were varied in the given order: W,
r , a , S, U and a . The real radius was fixed at 1.175 fm, the spin- w w u 5 y
orbit geometry at the starting values, and T = 0. For parameter sets 
A, B and D, the fits achieved by the earlier procedure were consider­
ably improved leading to values of X2 » 5, whereas no improvement was 
achieved for the set C. The parameters are listed as A11S, etc., in 
table III.5 and clearly show the favouring of a weak spin-orbit force. 
No systematic correlations were revealed and the low sensitivity to S 
persisted.
In an analysis of deuteron scattering from 60Ni at energies 
of 7 MeV to 12 MeV, El-Nadi and Zohni [E167] observed similar effects. 
They could deduce no definite correlations between the spin-orbit 
parameters and those of the central wells; nor were they able to 
define accurate best fit values for the well depth because of the low 
sensitivity of the cross-section angular distribution to it. Their 
results however indicated an average value of S  ^ -4.4 MeV.fm2 with a 
tendency for smaller values at the lower bombarding energy; a value 
which is close to that found in parameters AUS, B11S and D11S, and 
significantly smaller than the starting values of Alty et al.
Using the parameters from an earlier analysis [Ba64] of 
40Ca(d,doD 40Ca, Niewodniczanski et al. [Ni66] introduced a spin-orbit 
term and found that the parameters of the central wells adjusted them­
selves to more conventional values than the small diffuse real well of 
Bassel et al. The angular distribution displayed changes as far for­
ward as 60° which were not observed in the present work or in other 
analyses in the near mass and energy regions. The inclusion of the
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spin dependent term was compensated by a decrease in the imaginary 
well with the combination improving the fit at backward angles. The 
same effect was observed [Ne67] in a study of 34.4 MeV deuteron 
scattering from several nuclei including 52Cr. Siemssem and Mayer- 
Böricke [Si67] have analyzed 48Ti (d,dg)4 8Ti from 6 to 12 MeV employ­
ing a purely central potential. They encountered difficulty fitting 
the backward angles which worsened as the deuteron energy was in­
creased. Figure III. 8 shows their results at 7 MeV and 12 MeV to­
gether with a theoretical calculation at the latter energy with a 
real spin-orbit term included. Using the parameters of that refer­
ence, a series of calculations were performed varying the strength S 
with the geometry set at that of the real central term. A shallow 
minimum in X2 was observed at S = -10 MeV.fm2. X2 decreased from 
18.5 without spin-orbit to a minimum value of 13. The effect on the 
angular distribution was the same as that found in the present 
analysis of the 5HCr(d,d0)54Cr data: namely, a decrease in the in­
tensity of the diffraction structure backward of 100'.
The evidence is clear that little information can be gained 
from cross-section data alone to establish the nature of the deuteron 
spin-orbit force, in contrast to the sensitivity of proton angular 
distributions at comparable energies [An64a]. The only trend appar­
ent in this experiment and in other similar analyses, is to the re­
quirement of a small negative real term whose strength increases with 
energy and the depth of the central well. The energy dependence is a 
likely consequence of contributions from larger ^-values at the high­
er energies.
III.3.4 Parameter Ambiguities
Optical model predictions of observable quantities are 
determined by asymptotic boundary conditions implemented by matching
48Ti (d,d0)48Ti
Ej 8 7 MeV
DATA OF REF. (SI67) 
S »0
E . « 12 MeV
DATA OF REF. (S167) 
S «0 
S ■ “10
10
01 —
( DEGREES)
Figure III.8: Results of reference [Si67] showing the effects of
including a spin-orbit term at 12 MeV.
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the wave function to an external solution. The observables are thus 
insensitive to the wave function inside the nuclear volume and are 
subject to discrete and continuous ambiguities in the parameters.
The ambiguities resemble those for a three-dimensional square well, 
which will admit an incident s-wave with energy E for values of the 
depth U and the radius R satisfying the relation (E-U)R2 « (2N+1)2 , 
where the integer N is the number of complete %-waves inside the well 
and defines the discrete ambiguities. Constant values of the left 
hand side define the continuous allowed values of U and R. For a 
diffuse optical model potential similar ambiguities arise and are 
expressed in the equation:
(E-U)run = K. (HI. 9)
The index n is determined from experiment and has been 
found to depend on the nature of the incident particle. Values have 
been reported of n = 2 for protons (c.f. square well); 1.7 for 
deuterons [A167] and 1.0 for 3He. Different values of K define the 
discrete families which were first reported for deuterons by Halbert 
[Ha64] and for protons by Adair as quoted in reference [An64]. In 
figure III.9 is plotted the absolute value of the real part of the s- 
wave function for the best fit parameters A8, B8, C8 and D8. The 
inclusion of 3, 4, 2 and 5 half waves in the nuclear interior is 
clearly seen, with similar matching at the diffuse surface to a large 
Coulomb s-wave function.
For each set, the continuous ambiguity was investigated by 
fixing r^ = 1.0, 1.15, 1.30 and 1.45 fm and allowing one or more of 
the other parameters to vary in order to achieve a best fit. Initi­
ally, the starting parameters of reference [A167] were used in con­
junction with the 8 MeV data. For each value of r , the depth U was
Figure III.9: Absolute value of the s-wave function for the
discrete sets of optical model parameters.
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gridded with the best fit value chosen when the calculated diffrac­
tion structure came into phase with the experimental data, even 
though the overall fit may have been poor. The resultant values of 
U, when plotted against r with logarithmic scales, displayed a lin­
earity which demonstrates the Ur11 relationship. The slope of the 
linear dependence yields the value of n and was calculated by a 
least squares criterion. It varied little between families and had 
an average value of n = 1.50. In a similar treatment of the 11 MeV 
data, the reproducibility amongst families was again manifest but the 
average slope was smaller with n = 1.35.
The quality of the fit was satisfactory at only one value 
of the radius, which in turn depended on the diffuseness parameter 
used. In order to fit the data at each radius, it was necessary to 
vary the other five parameters which define the central potential.
The final parameters are listed in table III.6 where it can be seen 
that, except for a small increase in W for the Bll set, little 
adjustment was required to be made to any of the imaginary well para­
meters and that the real diffuseness was solely responsible for 
restoration of the fit. The optimum value of a^ fell approximately 
logarithmically with r^ and the dependence, together with those of 
other systematically varying quantities, is shown in figure III.10. 
The Ur11 ambiguity was again revealed in the final values of U and is 
also shown in the figure together with the values of the index n.
The deviation of the slopes from those discussed above is more like­
ly a consequence of the fitting program than of any physical pheno­
menon. To demonstrate this, a similar fit was carried out on para­
meter sets A8, B8 and D8 with slightly different initial values and 
was terminated after only two search cycles. The slopes in that case 
were respectively 1.65, 1.71 and 1.72, which agree well with those
AMBIGUITYUrn
400 ± 20
---H-- -
n* 1-44
n - 1-51
n - 1-28
n- 1-27
Figure III. 10: Variation along the Ur11 ambiguity of the real well
depth and diffuseness, the volume integral per nucleon and the 
goodness of fit parameter X2. The bottom frame demonstrates 
the Ur11 relationship.
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quoted in [A167], but are somewhat larger than those obtained by 
allowing X2 to reach its minimum. Within the limitations of the 
search routine employed in this analysis, it is thus impossible to 
establish a unique value of n, but an average figure of n = 1.5 ± 0.2 
may be assigned, where the error encompasses the range of accepted 
measured values.
The phenomenological equivalence of the fits throughout the
field of the parameter ambiguities is reflected in the small range of
values of X2. However, a definite trend is observed towards a
shallow minimum at the starting value r^ = 1.175 fm which is further
substantiated by the final parameters of table III.5 throughout which
r is restricted to values between 1.15 fm and 1.2 fm. u
A slight preference is also encountered for the families 
with the larger well depths. At each energy, the data were more 
simply fitted with B and D type parameters. Andrews et al. [An64] 
have pointed out that the difficulty in extrapolating to the small 
well depths arises from greater relative importance of the centri­
fugal potential and hence a greater differentiation between the 
matching conditions for each partial wave. However the difficulty 
encountered by Alty et al. [A167] in fitting angular distributions 
for 48Ti (d,d0)48Ti and 52Cr (d,d0)52Cr with C parameters as compared 
to the three other sets, was not found in the present work where no 
strong preference could be deduced for any one family.
The physical equivalence of the various best fit parameter 
sets, which is suggested, but not proven, by fitting the experimental 
cross-section angular distributions, is placed beyond doubt by com­
paring the scattering matrix at various points in the ambiguities. 
Figure III.11 shows the argument and phase of the contributing scat­
tering matrix elements for each family and for different values of r^
SCATTERING MATRIX ELEMENTS
8 MeV
C8 /
-180
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? 180
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Figure III.11: Comparison of the amplitude and phase of the scatter­
ing matrix at points of the discrete and continuous parameter 
ambiguities.
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w i th i n  th e  fam i ly  B8. D ev ia t ions  from the  average va lu e s  co r respond  
t o  p o o r e r  q u a l i t y  f i t s  to  the  c r o s s - s e c t i o n  d a t a .  The cons tancy  o f  
th e  va lu e s  o f  the  dem ons t ra tes  th e  e q u a l i t y  o f  th e  wave f u n c t i o n s  
a t  the  matching r a d i u s .
The q u a n t i t y  appear ing  in  the  t a b l e s  and f i g u r e s  i s  th e  
volume i n t e g r a l  p e r  nucleon  o f  the  r e a l  c e n t r a l  p o t e n t i a l  and,  a c c o rd ­
ing  to  a f o rm u l a t io n  of  th e  o p t i c a l  model p o t e n t i a l  by G re e n le e s ,
Pyle and Tang [G r68a] , can be used t o  de te rm ine  which pa ram e te r  fam­
i l y  i s  c o n s i s t e n t  w i th  th e  nuc leon-nuc leon  i n t e r a c t i o n .  By app ly ing  
th e  v a r i a t i o n a l  p r i n c i p l e  t o  a nuc leon -nuc leus  s c a t t e r i n g  system in  
which th e  p o t e n t i a l  energy i s  comprised o f  the  aggrega te  of  two- 
nuc leon  i n t e r a c t i o n s ,  and r e p r e s e n t i n g  the  t a r g e t  n u c leu s  by means of
i t s  m a t t e r  d i s t r i b u t i o n  p , the  r e a l  c e n t r a l  term can be w r i t t e n :
m'
U(r) = /  P m ( n )  Ud ( | n - r | ) d D ( I I I . 10)
where U^(r)  i s  the  s p in  and i s o s p i n  independen t  p a r t  of  t h e  nuc leon -  
nucleon  p o t e n t i a l .  The volume i n t e g r a l  o f  U(r)  i s  then  simply :
J R = - /  U ( r )d r
( I I I . 11)
= *T J d
where J ^  =  -  f  U ^ ( r )d r
and A^ , i s  t h e  number of  nucleons  i n  th e  t a r g e t .
When th e  i n c i d e n t  p a r t i c l e  i s  composi te ,  the  o p t i c a l  
p o t e n t i a l  depends on i t s  i n t e r n a l  wave f u n c t i o n ,  bu t  i f  th e  i n t e r n a l  
motion i s  n e g l e c t e d  and the  p r o j e c t i l e  t r e a t e d  as Aj. independen t  
n u c l e o n s ,  then
JR = Aj At Jd . ( H I . 12)
Thus which i s  a p r o p e r t y  only o f  the  i n t e r - n u c l e o n  f o r c e ,  i s  wel l
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defined by the potential U(r) through the integral J . Using a pheno­
menological form of the two-nucleon potential, Greenlees et al. have
determined the value of J, = 400 ± 20 MeV.fm3. For a Woods-Saxona
potential, the integral is given by [Gr68a]:
R3-U-u 1 (III.13)
1 /3where = r^ and the approximation is valid for a^ << R . For
parameters in tables 111.5 and 111.6, the accuracy of equation
(III.13), upon comparison with numerical integration, is better than
IS0.5%. Because of the Ur dependence, is proportional to r * , 
but the expression in brackets decreases with increasing radius, and 
partially compensates for the r^ dependence. In figure III.10, it 
can be seen that the increase in with r^ is greatest for the D 
parameters and least for the C parameters where a^ and hence the 
bracketed factor is largest. It is also evident that is indep­
endent of energy as would be expected for energy changes within the 
range of validity of the nucleon-nucleon phenomenological potential.
The application of the theory of Greenlees et al. to the 
results in figure III. 10 unambiguously selects the B parameters as 
the only physically realistic set. It also favours a radius r^ ~
1.35 fm but the inaccuracy arising from the neglect of the deuteron 
internal state discourages drawing conclusions from the precise 
value of J,.
III.4 SPIN DEPENDENCE IN DIRECT REACTIONS
Since the original work of Butler using the plane wave Born 
approximation, all theories of direct nucleon transfer reactions have 
accurately predicted the strong dependence on the orbital angular
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momentum t r a n s f e r  which i s  d i s p l a y e d  by most o f  the  r e a c t i o n s .  The 
c h a r a c t e r i s t i c  forward angle peak in  t h e  a n g u la r  d i s t r i b u t i o n  has 
proven t o  be i n s e n s i t i v e  t o  th e  v a r i e t y  o f  approx im ations  used and to  
the  ex a c t  p a r a m e t r i z a t i o n  o f  the  t h e o r e t i c a l  c a l c u l a t i o n .  I t  i s  j u s t  
t h i s  p r o p e r t y  which makes d i r e c t  r e a c t i o n s  a p r o l i f i c  s p e c t r o s c o p i c  
t o o l .
D ete rm ina t ion  o f  the t r a n s f e r r e d  ß -v a lu e  u n iq u e ly  e v a l u a t e s  
th e  p a r i t y  o f  th e  r e s i d u a l  s t a t e  and r e s t r i c t s  th e  p o s s i b l e  s p in s .  
Where one of  th e  s e v e r a l  r e a c t i o n s  which t r a n s f e r  a s p i n - ^  p a r t i c l e  
with  o r b i t a l  and t o t a l  a n g u la r  momenta i and j r e s p e c t i v e l y ,  i s  p e r ­
formed on a zero  s p in  t a r g e t ,  th e  r e s i d u a l  s p in  i s :
J R = j  = & ±  k  .
Thus a p o i n t e r  to  the  va lue  o f  j would remove th e  tw o - fo ld  ambiguity  
p e c u l i a r  t o  t h e s e  r e a c t i o n s  and g r e a t l y  enhance t h e i r  u s e f u l n e s s .
Such a dependence on j was f i r s t  r e p o r t e d  by Lee and S c h i f f e r  [Le64a] 
and in d e p en d en t ly  by Andrews e t  a l . [An64]. Since t h e n ,  many au thors  
have observed  e f f e c t s ,  supposedly  forms o f  j - d e p e n d e n c e , in  s e v e r a l  
d i r e c t  r e a c t i o n s .  The i n s t a n c e s  a r e ,  i n  g e n e r a l ,  l o c a l i z e d  in  energy 
and d i f f e r  accord ing  t o  th e  r e a c t i o n  and th e  s i n g l e  p a r t i c l e  o r b i t s  
t o ,  o r  from, which the  t r a n s f e r  i s  e f f e c t e d .  The c r i t e r i a  on which 
the  ass ignments  a re  based ,  a re  u s u a l l y  d e t a i l s  o f  th e  phase or  
i n t e n s i t y  of  the  d i f f r a c t i o n  s t r u c t u r e  a t  a s p e c i f i c  angle  o r  ove r  a 
l i m i t e d  an g u la r  range .
Fulmer and Daehnick [Fu64a] s t u d i e d  th e  ( d , t )  r e a c t i o n  on 
i r o n  and n i c k e l  a t  14.7 MeV and observed  s y s t e m a t i c  d i f f e r e n c e s  in  
th e  an g u la r  d i s t r i b u t i o n s  f o r  t r a n s i t i o n s  p i c k in g  up n eu t ro n s  from 
the  2 p ^ 2  and 2 p ^ ^  o r b i t s .  In c o n t r a s t  to  t h e  j = 3/2 s hapes ,  t h e  
s m a l l e r  s p in  i s  c h a r a c t e r i z e d  by s t r u c t u r e  a t  more forward  a n g le s ;  a
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dip at 125°; and a faster decrease in cross-section near 80°.
A weak effect was reported by Preedom et al. [Pr66] for 
proton pickup from the 2p-shell in the reaction 90Zr(d,3He)89Y in 
which the phase and magnitude of the oscillations in the forward 
hemisphere differed for the two j-values. The authors were able to 
qualitatively reproduce the observations with the DWBA by the 
inclusion of a spin-orbit potential in the deuteron channel.
In the (3He,cO reactions, j-dependence has been observed 
with 11+N and 13C targets involving lp-transitions [Ba66] and for 2p- 
transitions on the even mass chromium isotopes [St67]. The latter 
case has also been partially explained in terms of the DWBA.
One of the most striking examples is provided by (a,p) and 
(p,a) reactions on a variety of nuclei in the Id, 2p and 2d-shells 
[e.g. Le65 and No66]. The two j-values are distinguished by a lack 
of diffraction structure for j = l + %, in contrast to a quite 
intense structure in j = l ^ cases. The dependence on j in these 
reactions is more pronounced than the variation with the orbital 
angular momentum. Calculations based on the DWBA, assuming a simple 
triton transfer, have had considerable success in predicting the 
effect [No66].
The widest and most systematic investigations have been 
carried out with (d,p) and (p,d) reactions because of the quantity of 
data available at many energies and on most stable nuclides.
Schiffer et al. [Sc66] have reported isolated examples in the Ip- 
shell and a trend in ld-transitions amongst nuclei ranging from 160 
to 44Ca in which transfers with j = 3/2 display a minimum in the 
cross-section near 60° followed by a secondary maximum at 75° - 80° 
whereas 5/2 transfers fall smoothly over the same angles. They also 
report a far less obvious effect, which they attribute to j-depend-
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e n c e , in  2 d - t r a n s f e r s  to  9 i Zr. The angu la r  d i s t r i b u t i o n s  d i f f e r  only 
in  th e  i n t e n s i t y  o f  the  d i f f r a c t i o n  s t r u c t u r e  over the  a ngu la r  range .
In t h e i r  o r i g i n a l  r e p o r t  o f  j - dependence  [L e64a ] , Lee and 
S c h i f f e r  were concerned with  2 p - s h e l l  n u c l e i  from calcium t o  n i c k e l  
in  a l l  o f  which,  a very pronounced e f f e c t  showed. For j = \  t r a n s ­
i t i o n s  th e  angu la r  d i s t r i b u t i o n  pas sed  th rough  a deep minimum a t  
about  135° f o r  each nucleus  except  40Ca where th e  d ip  was a t  100°; 
the  j = 3/2 t r a n s f e r s  showed no such d ip .  S ince  t h e n ,  th e  e f f e c t  has 
been c l e a r l y  observed on numerous occas ions  f o r  a wide v a r i e t y  o f  
n u c l e i  from calcium t o  z inc  with  deu te ron  bombarding e n e r g i e s  rang ing  
between 7 MeV and 12 MeV. S im i la r  r e s u l t s  were ob ta ined  f o r  h ig h l y  
e x c i t e d  s t a t e s  in  the  l i g h t e r  nucleus  24Mg i n  e a r l i e r  d a t a  of  Middle- 
ton  and Hinds [Mi62], and in  (p ,d)  r e a c t i o n s  n e a r  = 28 MeV [Wh66]. 
The l a t t e r  example sugges ts  t h a t  the  e f f e c t  does no t  r e q u i r e  a zero 
s p in  t a r g e t ,  on which a l l  (d,p)  o b s e rv a t i o n s  have so f a r  been made.
A f t e r  a s ea rch  o f  the  a v a i l a b l e  d a t a ,  Lee and S c h i f f e r  
proposed  a q u a n t i t a t i v e  em p ir ica l  r u l e  [Le67a] f o r  the  ass ignment o f  
sp in s  in  2 p - t r a n s i t i o n s  in  terms o f  the  q u a n t i t y :
R
a - a .max mm
% ( o  + o  . )v max min
( I I I . 14)
where a . i s  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n  a t  th e  135° minimum and min
°max a v e ra Se c r o s s - s e c t i o n  a t  the  n e ighbour ing  maxima
( i . e .  about  ± 25° from the d i p ) .  I f  R < 0 . 3 ,  a va lu e  o f  j = \  was 
a s s ig n e d  and,  f o r  R > 0 . 8 ,  j = 3/2.  They r e s t r i c t e d  th e  a p p l i c a t i o n  
of  the  r u l e  to  s t r o n g  t r a n s i t i o n s  ( s p e c t r o s c o p i c  f a c t o r  > 0 .1)  i n  the  
energy range 7 - 1 2  MeV.
Because o f  the  e m p i r ica l  n a t u r e  o f  th e  r u l e ,  r e l i a b i l i t y  
can be a s s e s se d  on ly  by the  success  and f a i l u r e  r a t e .  At th e  t ime o f
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the  p r o p o s a l ,  the  only f a i l u r e  was e l i m i n a t e d  because o f  th e  r e q u i r e ­
ment on the  s p e c t r o s c o p i c  f a c t o r .  However, D e l i c  and Robson [De69a] 
have r e p o r t e d  a more s e r io u s  case.  The t r a n s i t i o n  t o  the  known 3/2 
l e v e l  a t  1.895 MeV in  51Cr has a s p e c t r o s c o p i c  f a c t o r  S = 0.17  and 
d i s p l a y s  a backward angle dip in  d a t a  taken  a t  7 . 5 ,  9.15 and 10 MeV. 
Even a s i n g l e  such case as t h i s  must throw an element o f  doubt  on a l l  
j -dependence  ass ignments  u n t i l  the  e f f e c t  i s  unders tood  t h e o r e t i c a l l y  
and more p h y s i c a l l y  sound c r i t e r i a  can be p roposed .
The phenomenon in  the  l f - s h e l l  i s  more confused .  Lee and 
S c h i f f e r  [Le64b] deduced from (d,p)  d a t a  on Ca, T i ,  Cr, Fe and Ni 
i s o t o p e s  a t  10 MeV, a c r i t e r i o n  f o r  j ass ignments  from th e  r a t e  o f  
f a l l - o f f  o f  the  d i f f e r e n t i a l  c r o s s - s e c t i o n  between 100° and 160°: 
th e  7/2 cases  changing by a f a c t o r  o f  2.5 compared to  1.5 fo r  5/2 
t r a n s i t i o n s .  A forward  angle dependence on j i n  l f - t r a n s f e r s  has 
been no ted  f o r  th e  (p,d)  r e a c t i o n  on i r o n  and n i c k e l  a t  = 28 MeV 
[Sh64] and i n  (d ,p )  t r a n s i t i o n s  on t i t a n i u m  and chromium a t  9.15 MeV 
[A164]. The e f f e c t  i s  m a n i fe s ted  in  the  d i f f e r i n g  r a t e  o f  f a l l - o f f  
fo l low ing  the  s t r i p p i n g  peak and the  h e i g h t  o f  th e  secondary  maximum, 
the  r a t i o  of  which ,  r e l a t i v e  to the pr im ary  maximum, c h a r a c t e r i z e s  
the  va lue  o f  j w i th  the  5/2 case c o n s i s t e n t l y  s m a l l e r .  The r a t i o s  
i n c r e a s e  w i th  energy and d iv e rg e ,  so t h a t  ass ignments  a re  enhanced 
wi th  h ig h e r  energy da ta .
Denning e t  a l . [De68] l a t e r  p o in t e d  ou t  t h a t ,  because  of  
the  smal l  c r o s s - s e c t i o n s  and the  s u b t l e t y  o f  th e  e f f e c t ,  the  backward 
angle  c r i t e r i o n  i s  i m p r a c t i c a l .  They implemented the  c r i t e r i a  of  
A l ty  e t  a l .  f o r  s t a t e s  in  calcium, t i t a n i u m ,  chromium and i r o n  i s o ­
topes  and found no c o r r e l a t i o n  between the  as s ignments  o f  j and th e  
backward ang le  f a l l - o f f .  For each case the y  s t u d i e d ,  the  r a t i o  o f  
the  secondary  maximum c r o s s - s e c t i o n  to  t h a t  a t  th e  s t r i p p i n g  peak was
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approximately 0,22 for 5/2 states and 0.32 for 7/2 at 10 MeV; and 
0.35 and 0.38 respectively at 8 MeV.
No observation has been made of £ = 4 j-dependence.
Because of the large spin-orbit splitting between the lg ^ an<^  ^7/2 
single particle states, corresponding (d,p) or (p,d) transitions can 
only be found in nuclei varying considerably in mass and, in fact, 
residing in different shells, and these differences have a more pro­
found influence on the angular distributions than have been observed 
as a result of spin dependence.
As all experimental investigations of the spin dependent 
phenomenon have concerned reactions on even-even nuclei, it has not 
been established whether the transferred angular momentum j or the 
final nuclear spin J is the parameter responsible. An experimental 
verification would be of interest theoretically, since the usual 
spin dependent DWBA formalism can explain a variation with j, but not 
J [Ro66]. In principle, the problem could be solved by performing 
say (d,p) reactions on an odd mass target leading to states of the 
residual nucleus with the same spin and parity and observe whether 
the characteristic j = £ ± \ shapes occur. A positive result unam­
biguously refutes the implications of J-dependence.
Unfortunately, the available data are sparse. Comfort
[Co69] has investigated 55Mn(d,p)56Mn at 7.5 MeV and, of the 200 or
so levels observed, only one is useful in the present context and
fails to clarify the problem. The transitions to states at 0.110,
0.213, 0.341 and 0.486 MeV are pure £ = 1 and reveal properties at
backward angles which closely resemble the "dip" criterion of Lee and
Schiffer. Of these states, the spin-parity of the first is known to
be 1+ demanding a transferred j = 3/2 by angular momentum selectipn„
- *
rules. However, the angular distribution passes through a minimum at
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135° indicating, by j-dependence, a j = \ transfer. It may be con­
cluded that either: (i) j is not the significant parameter;
(ii) another anomalous case has been uncovered; or (iii) that the 
effect is not spin dependent. Comfort favoured the last alternative 
with the possible explanation that compound nucleus contributions are 
significant at backward angles. This, however, seems unlikely in 
view of the systematic behaviour of several pure £ = 1 transitions 
over a range of excitation energies. The argument is tempered by 
the weakness of the minima concerned in this reaction, and this weak­
ness, considered in conjunction with the failure to observe j- 
dependence in the reactions 45Sc(d,p)46Sc [Ra66] and 51V(d,p)52V 
[Ca65], suggests the possibility of extraneous effects peculiar to 
odd targets.
Theoretical understanding of j-dependence in (d,p) 
reactions has been sought through the DWBA by including spin-orbit 
terms in the distorting potentials of the deuteron and proton and in 
the single particle potential into which the neutron becomes bound. 
Although systematic variations with j are generated by this method, 
it has not in general reproduced the observed effects. Some success 
for £ = 1 transitions has been achieved in the lp-shell by Robson 
[Ro66] and in the 2p-shell by Delic and Robson [De69a and Ro68b].
They have also demonstrated [De69b] that the T^ tensor term of the 
deuteron distortion potential affects the sensitivity to j, and that 
an exact finite range calculation using a phenomenological Reid wave 
function for the deuteron, has little effect on the £ = 1 distribu­
tions [De70]. Pearson et al. [Pe69] have also simulated the 2p-shell 
j-dependence in their weakly bound projectile model.
The inability of the simple spin dependent DWBA formalism 
to predict the forward angle j-dependence in £ = 3 transfers
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has stimulated several more sophisticated approaches. Sherr, Rost 
and Rickey [Sh64] attributed the effect to a spin-orbit term in the 
bound state potential by using an "effective radius" prescription in 
which the neutron wave function is not matched externally, but is 
varied to reproduce the lf^^ or 1 -^7/2 binc*ing energy on a j -j 
coupled shell model picture. Pinkston and Satchler [Pi65] have 
criticized the simplicity of this approach in favour of a self-con­
sistent Hartree-Fock wave function. In the same vein, Huby and 
Hutton [Hu66] have partially explained the forward angle data in 
£ = 3 distributions from the reaction 58Ni(p,d)57Ni using neutron
wave functions calculated from the assumption of a configuration 
mixed target state. This prediction has been substantiated experi­
mentally by Siemssen et al. [Si68] who measured several £ = 3
angular distributions leading both to good single particle and con­
figuration mixed states. They observed a more marked j-dependence to 
the latter variety and deduced that the effect was caused by prop­
erties of the nuclear states and not by the reaction mechanism.
In a completely different treatment, Johnson and Santos 
[Jo67] were able to predict the 56Fe(p,d)55Fe £ = 3 angular distrib­
utions by including the D-state in the deuteron wave function. Their 
calculations predicted an insignificant effect in £ = 0 and £ = 1 
transitions.
In the light of the theoretical and experimental results 
currently available, it appears not over-cautious to follow the 
advice of Lee given in a paper delivered to the International Nuclear 
Physics Conference at Gatlinburg [Le67b] where he stated: "It is
risky to employ a phenomenon which is not yet fully understood.".
Spin assignments based on j-dependent characteristics are still 
essentially empirical. Their reliability will be greatly enhanced by
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a complete and s y s t e m a t i c  examination of  the  phenomenon over  a wide 
range  o f  e n e rg i e s  and masses» Meanwhile, d e s p i t e  t h e  u n c e r t a i n t i e s  
in v o lv e d ,  o b s e rv a t io n  o f  j -dependence p rov ides  ev idence  in  favour  of  
one p a r t i c u l a r  s p in ,  and when combined with p o s s i b l e  i n c o n c l u s i v e  
r e s u l t s  from o t h e r  exper im en ts ,  may be s u f f i c i e n t  t o  conf irm a t e n t a ­
t i v e  s p in  assignment»
I I I . 5 THE REACTION 54Cr(d ,p )  55Cr 
I I 1 .5 » 1 Angular  D i s t r i b u t i o n s
The exper im en ta l  procedure adopted in  t h i s  exper im en t ,  
enab led  th e  measurement of  angular  d i s t r i b u t i o n s  f o r  only  th e  more 
s t r o n g l y  e x c i t e d  l e v e l s .  For some weaker l e v e l s ,  f o r  which the  
p r o to n  group could be d i s ce rn e d  a t  most a n g l e s ,  t h e  a n g u l a r  d i s t r i b u ­
t i o n s  have a l so  been e x t r a c t e d  but  with r e l a t i v e  e r r o r s  o f  as l a rg e  
as 15%. The d a t a  a re  shown in  f i g u re s  I I I . 19 and I I I . 20.
The d i s t r i b u t i o n s  d i s p la y  the u su a l  s t r i p p i n g  p a t t e r n s :  a
forward ang le  maximum followed by a r ap id  f a l l - o f f  as t h e  c r o s s -  
s e c t i o n  p a s s e s  th rough  a sequence o f  maxima and minima.  The promin­
ence o f  each o f  t h e se  f e a t u r e s  d iminishes  w i th  l a r g e r  Ä-value.  The 
d i f f e r e n t i a l  c r o s s - s e c t i o n  a t  the  s t r i p p i n g  peaks v a r i e s  from 20 
m b/s r  f o r  the  ground s t a t e  a t  11 MeV to 0.1 mb/sr  f o r  the  1.229 MeV 
s t a t e  a t  8 MeV. The c r o s s - s e c t i o n s  at  the  h ig h e r  d e u t e ro n  energy a re  
l a r g e r  by a f a c t o r  of  approximate ly  x 2 a t  the  peak b u t  t h e  d i s t r i b u ­
t i o n s  f a l l  more r a p i d l y  with  angle  such t h a t  the  c r o s s - s e c t i o n s  a r e  
approx im ate ly  equa l  i n  t h e  reg io n  of the secondary maxima. The 
s t r i p p i n g  peak thus  becomes more prominent a t  the  h i g h e r  energy while  
the  s t r u c t u r e  d e c re a se s  i n  i n t e n s i t y  and moves forward in  phase by 
about  10°.
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III.5.2 £ = 1 Transitions
Bock et al. [Bo65] reported % - 1 transitions to the ground 
state, 0.245, 0.573, 1.487, 2.695 and 2.905 MeV states. Each of the 
corresponding angular distributions in the present data, is charac­
terized by the positions of the primary and secondary maxima, which 
are at 20° - 25° and 50° - 55° at 8 MeV, and 17° - 20° and 40° - 45° 
at 11 MeV. Because of the less pronounced structure at 11 MeV, the 
intervening minimum has virtually vanished but in such cases the 
rapidly changing slope defines its position. The similarity between 
all the distributions ceases beyond the second maximum where differ­
ences develop which divide the distributions into two classes. The 
deviations are most favourably illustrated as in figure III.12 by a 
comparison of the ground and first excited states and may be des­
cribed thus:
The cross-section falls rapidly away from the secondary peak to form 
another minimum and maximum, or at least a point of inflection, which 
for the ground state is at 95° and 75° (at the two energies) and, for 
the 0.245 MeV level, at 110° and 100°. The cross-section of the 
ground state transition then drops away slowly at backward angles in 
contrast to the first excited state which plunges into a deep mini­
mum at 145° and 135°. A difference in the intensity of the structure 
at all angles is also apparent.
The dip at backward angles is clearly displayed in the 11 
MeV data for the states at 0.245, 1.487 and 2.905 MeV excitation 
energy. It is less pronounced for the 2.695 MeV state, very weak for 
the 0.573 MeV state and non-existent for the ground state. At 8 MeV, 
the position is not as clear; firstly because the dip occurs at a 
more backward angle, near the limit of the present measurements, and, 
secondly, because the dip is not as deep or pronounced at this energy.
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Figure  I I I . 12: Comparison of  the (d,p)  a ngu la r  d i s t r i b u t i o n s  le ad ing
t o  the  ground and 0.245 MeV s t a t e s  of  55Cr,  a t  8 MeV and 11 MeV. 
The d a t a  have been normalized to  one a no the r  a t  forward  a n g le s .
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The ground and 0,573 MeV states have no backward minimum at all; in 
fact, the latter shows a maximum in cross-section which is probably a 
result of contamination from the partially resolved 0,524 MeV level. 
The truncated distributions for the 0.245, 1.487 and 2.695 levels 
suggest mimima at 145°, 155° and 155° respectively but the remaining 
state at 2.905 MeV shows no such dip,
The variation of the distributions at backward angles is a 
typical example of the Lee-Schiffer j-dependence, the characteristics 
agreeing closely with nearby nuclei at similar energies. The R para­
meter, defined in equation (III.14) has been calculated for each dis­
tribution and listed in table III.7. The values at 8 MeV were deter­
mined by extrapolating the cross-section to about 15° beyond the dip. 
A deliberate underestimate was employed where a dip is apparent and 
an overestimate in other cases, with the intention of providing 
limits to the values of R in order to assess its proximity to the 
"no-man's land", 0.3 < R £ 0.8, where, according to Lee and Schiffer, 
no reliable assignment of J may be made. For definiteness, an
earlier definition of a [Le64a] was used, namely:max
max M a C V n   ^ 25») ♦ o(emin - 25»)]
(III.15)
Where no dip occurs, 0^.^ is taken to be the average position of the 
dip for the other distributions. On the grounds of the 11 MeV data, 
the Lee-Schiffer rule assigns values of J = 3/2 to the ground and 
0.573 MeV states and J = k to the 0.245, 1.487 and 2.905 MeV states. 
The intermediate value of R displayed by the 2.695 MeV level is 
assumed to be a consequence of its doublet nature, and since it lies 
within the limits 0.3 and 0.8, no spin assignment is possible by
this criterion.
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Table I I I . 7
Values o f  the  L e e - S c h i f f e r  R Parameter  f o r  £ = 1 T r a n s i t i o n s
Level (MeV) E, = 8 MeV d
E, 11 MeVd
0.0 $ 0 0
0.573 S 0 0.1
0.245 > 0.8 1.3
1.487 > 0.84 1.0
2.695 > 0.65 0 .4
2.905 ~ 0 0 .9
D esp ite  th e  i n d e f i n i t e n e s s  o f  t h e  8 MeV r e s u l t s ,  an 
im p o r tan t  t r e n d  i s  r e v e a l e d  in  which th e  d ip  becomes l e s s  pronounced 
as th e  f i n a l  s t a t e  e x c i t a t i o n  energy i n c r e a s e s .  The e f f e c t  occurs  a t  
bo th  bombarding e n e r g i e s ,  al though l e s s  so a t  11 MeV, and i s  presum­
ab ly  a t t r i b u t a b l e  to  the  dec reas ing  p ro to n  energy .
I I I . 5 . 3  £ = 3 T r a n s i t i o n s
D i s t r i b u t i o n s  have been measured o f  p ro to n s  p o p u la t i n g  t h e  
0 .524 ,  0 .893 ,  1 .229,  2 .570,  2.622 and 3.168 MeV s t a t e s  which have a l l  
been d e s c r ib e d  as £ = 3 l e v e l s  in  r e f e r e n c e  [Bo65]. Also in c lu d e d  in  
t h i s  d i s c u s s i o n  i s  the  s t a t e  of  3.043 MeV e x c i t a t i o n  which ,  c o n t r a r y  
to  th e  £ = 1 ass ignment of  the above r e f e r e n c e ,  i s  b e l i e v e d  to  have 
an £ = 3 c h a r a c t e r ,  f o r  reasons  d i s c u s s e d  in  s e c t i o n  I I I . 7 . 4 . 3 .
There i s  a c lo se  resemblance between the  d i s t r i b u t i o n s ,  which d i s p l a y  
a s t r i p p i n g  peak a t  40° (a t  8 MeV) and 30° (a t  11 MeV) fo l lowed  by 
two broad maxima approx im ate ly  50° a p a r t .  Only th e  0.524 MeV s t a t e  
c a r r i e s  a s i g n i f i c a n t  f r a c t i o n  o f  th e  l f - s t r e n g t h ,  and a l l  the  o t h e r  
c ro s s  s e c t i o n s  tend  t o  be r e l a t i v e l y  sm a l l .  The r a t i o s  of  c r o s s -  
s e c t i o n s  between s u c c e s s iv e  maxima are  c lo se  t o  be ing  c o n s ta n t  a t  8
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MeV, but there is a rapid decrease in cross-section after the strip­
ping peak at the higher energy«
To observe possible j-dependence, the criterion of Denning 
et al. [De68] has been applied. This involves estimating the cross- 
sections oj and a2 at the primary and secondary maxima respectively. 
The ratio a2/ai is plotted in figure III.13 where the error bars com­
prise the relative errors on and a2, or, in cases where extrapola­
tion was required, they reflect the uncertainty in the estimated 
cross-section. The notable feature in figure III.13 is the singular­
ly large value for the 1.229 MeV level at both energies. As will 
later become apparent, the 8 MeV result is a likely consequence of a 
compound nucleus contribution which flattens the usual stripping 
pattern. On the other hand, the 11 MeV figures may be interpreted as 
j-dependence, and agree with the values quoted by Denning et al. , 
whereas the 8 MeV effect greatly exceeds the earlier observations.
It is noteworthy that the differentiation between the ratios reported 
by Denning et al. at 8 MeV, would require data with an accuracy con­
sistent with 1% relative errors. The occurrence of forward angle j- 
dependence in this reaction is consistent with the explanation con­
tained in references [Hu66] and [Si68], concerning configuration 
mixing, in the target state, since the 5l+Cr ground state, being sit­
uated far from closed proton or neutron shells, is considerably ad­
mixed.
On the grounds of the j-dependence interpretation, each 
£ = 3 state may be assigned J = 5/2 except the weakly populated 
1.229 MeV level, which has J = 7/2. These spins are consistent with 
the extreme single particle shell model which predicts no stripping 
strength to l f ^ s t a t e s  in this reaction.
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F igu re  I I I .  13: R a t io  o f  th e  secondary to  p rim ary  maxima in  £ = 3 
t r a n s i t i o n s  a t  8 MeV and 11 MeV. The broken l i n e s  a re  th e  
e m p ir ic a l  v a lu e s  o f  Denning e t  a l . [De68].
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III.5.4 Other Transitions
Levels were strongly populated at 2.031, 2,098 and 2.283 
MeV and their angular distributions bear characteristics of the £- 
values 2, 4 and 0 respectively, as were determined by Bock et al.
The stripping peak moves from very forward angles (< 15°) for £ = 0, 
to 50° for the 2.098 MeV state and simultaneously, the slope and 
structure decrease rapidly from the intense oscillations of the £ = 0 
distribution covering nearly three decades in cross-sections to the 
flat, almost structureless £ = 4 shape in which the stripping peak is 
broad and indistinct.
Application of the 2d-shell j-dependence reported by 
Schiffer et al. [Sc66] is impossible in this context. The example 
involved a heavier nucleus (90Zr) with only a small differentiation 
in the intensity of the structure defining j . For the present 
reaction, the structure varies considerably at the two energies, and 
without other £ = 2 states for comparison, no conclusions can be 
drawn.
III.6 COMPOUND NUCLEUS EFFECTS
The nature and magnitude of the compound nucleus contribu­
tion to the total reaction cross-section depends on the density of 
neighbouring states in the region of the compound nucleus populated 
by the reaction. This is expressed in the ratio T/D of the mean 
level width to the mean level spacing, both of which may be estimated. 
By interpolating the empirical results of Ericson and Mayer-Kuckuk 
[Er66] to 56Mn, it is found that, at an excitation of 20.8 MeV, which 
corresponds to the compound system bLfCr + d at 8 MeV bombarding 
energy, the mean width r * 7 keV. Similarly, the general formula of 
Gilbert and Cameron [Gi65] for nuclear level densities, gives a mean
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level spacing D * 6»5 x 10~9 MeV at the same energy. The resulting 
value of r/D * 106 shows that the compound nucleus contribution arises 
from a very large number of overlapping states so that isolated res­
onances are unlikely and the statistical theory of Ericson is more 
applicable to this reaction* The large number of energetically open 
channels, principally from the exothermic (d,p) and (d,a) reactions, 
considerably reduces the probability of decay into any given one and 
so the contribution is expected to be very small.
Despite this expectation, it is important to perform a more 
precise estimate of the extent of the compound nucleus background in 
the l = 1 distributions, where backward angle details determine the 
j-dependence. For that purpose, excitation functions have been 
measured for transitions leading to the ground, 0.245, and 1.487 MeV 
states, and the 0.524 + 0.573 MeV doublet, at angles and energies 
glvgn in section III.2.3.1. The angles at which the data were taken 
in 5 keV steps correspond to the positions of the second and third 
minima of the 0.245 MeV transition where the cross-sections are 
smallest. The excitation functions are plotted in figure III.14 and 
it can be seen that no gross resonance structure occurs but there are 
small fluctuations in the cross-section, especially for the weak 
0.245 MeV state.
By means of the statistical theory, the fraction y^ of 
direct reaction can be found from the mean a and standard deviation 
Aa of the fluctuating cross-section. When averages are performed 
over a finite energy range, the relevant formula is written as [Da66]
—
aJ
where M = N/(l - y^); N = the effective number of contributing chan-
1-a
M+a (III.16)
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n e l s  and i s  a com pl ica ted  f u n c t io n  o f  the  s c a t t e r i n g  angle» An 
approximate  angle independent  formula p ro v id in g  an upper  l i m i t  fo r  N 
i s :
N * k  n (2J. + 1) , (111.17)
i  1
where the  p ro d u c t  i s  taken  over each o f  th e  fo u r  p a r t i c l e s  i  in vo lved  
in  the  r e ac t io n . ,  For the  p r e s e n t  r e a c t i o n ,  N * 3 (2J^ + 1 ) ,  where 
i s  t h e  sp in  o f  t h e  r e s i d u a l  s ta t e»  The q u a n t i t y  a c o r r e c t s  f o r  the  
f i n i t e  range of  d a t a  and i s  given by:
a = — t a n _1n - —  l n ( l  + n 2) , 
n n 2
where n = A/r and A i s  the  energy range  o f  th e  d a t a .
From v a lues  o f  ct and Aa found from f i g u r e  I I I . 14 ,  t h e  
q u a n t i t y  y^ has  been c a l c u l a t e d  and i s  l i s t e d  i n  t a b l e  I I 1 . 8. The 
d i r e c t  r e a c t i o n  f r a c t i o n s  vary from 91% f o r  the  weakest  t r a n s i t i o n  to  
99% and,  because  o f  the  n a t u r e  of t h e  approx im ation  i n  e q u a t io n  
( I I I . 17) ,  r e p r e s e n t  lower l i m i t s .  The s t a n d a r d  d e v i a t i o n s  Act, which 
a re  a l s o  t a b u l a t e d ,  p r e s e n t  a measure of  the  e f f e c t  o f  t h e  f l u c t u a ­
t i o n s  on t h e  a n g u l a r  d i s t r i b u t i o n s  and a r e  no g r e a t e r  th a n  t h e  r e l a ­
t i v e  ex p e r im e n ta l  e r r o r s  d i s c u s s e d  p r e v i o u s l y .
Table I I I . 8
F r a c t i o n  o f  D i r e c t  Reac t ion ,  y^ ,  and S tandard  
D ev ia t ion  of  C ro ss -S ec t io n  F l u c t u a t i o n s
Level (MeV)
oLOoo 145°
y D (%) S.D. (%) yD ^ S.D. (%)
oO 99 3» 4 98 3.9
0.245 96 8.4 91 12.0
0,524 + 0 .573 95 5.0 94 5 .8
1.487 99 4 .8 99 4 .7
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F igu re  I I I . 14: E x c i t a t io n  fu n c t io n s  o f  p ro to n  groups from th e
54C r ( d ,p ) 55Cr r e a c t i o n  measured in  co a rse  and f in e  s te p s  around 
8 MeV bombarding energy .
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It is apparent that the background is minimal for the £ = 1 
states, but because of its approximate proportionality to the statist­
ical factor (2Jr + 1), the compound nucleus fraction is greater for 
the higher spin states and may be significant in cases where the 
cross-sections are small. For example, the weak transition to the 
possible 7/2 state at 1.229 MeV is expected from the arguments of 
section 111.7.4, to have a significant compound nucleus component and 
is thus consistent with the above conclusions.
III.7 DWBA ANALYSIS OF 54Cr(d,p)55Cr 
III.7.1 Calculation
Theoretical calculations of the angular distributions were 
provided by the distorted wave Born approximation. The formalism 
incorporated the zero range approximation for the deuteron and spin 
dependent forces in the scattering and binding potentials. The cal­
culations were performed on the IBM 360/50 digital computer of the 
ANU computing centre by the code DWUCK developed from the earlier 
code JULIE by Kunz [Ku66]. Sufficient accuracy was gained for the 
numerical integration of the distorted and bound state wave functions 
using single precision word lengths and an integration step size of 
0.1 fm. Partial wave expansions included orbital angular momenta up 
to £ = 13 and £ = 17 for 8 MeV and 11 MeV respectively, both of which 
limits considerably exceed the semi-classical value based on the 
potential radii, and are justified by the approach to unity of the 
values of the reflection coefficients in the scattering channels.
The radial integrals are also performed with a step size of 0.1 fm. 
Limits of integration may be provided for the purpose of introducing 
a radial cut-off; however no such cut-off was used in this analysis 
and the upper limit was internally set beyond the region of non-zero
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contribution, i.e. where the bound state wave function is vanishingly 
smal1.
111,7=2 Finite Range and Non-locality
Corrections for finite range effects and non-locality of 
the nuclear potentials are made by means of the local energy approx­
imation, The code computes the radial functions:
m m
(r) = J1 + —  -P ‘ • R2
h 2 md
(Ed + Vjj(r) + Vd (r))
(III.18)
- (E + V^(r) + V (r)) - (En + Vn (r))
-1
and AN L ^
62 2mx1 - £,--- - V  (r)4 >2 Jh
(III.19)
which correspond to equations (11.57) and (11.59) respectively. The 
cquantities m , V (r) and V (r) denote the mass, Coulomb potential and X. X. x
nuclear potential of particle x which may be scattered (p or d) or 
bound (n). For a (d,p) reaction, the parameter R is determined from 
a Hulthen wave function (equation (11.53)) by:
R = •=—  = 0.621 f m .7a
The non-local range factor ß is empirically determined by fitting the 
energy dependence of the relevant optical model potential and has 
been found to be ([Pe62] and [Sa66]):
ß = 0.85 fm for nucleons, and
ß = 0.54 fm for deuterons.
Figure III.15 shows the influence of successive inclusion 
of: (i) the finite range correction; (ii) non-local correction to
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th e  d i s t o r t e d  waves; and ( i i i )  n o n - lo c a l  c o r r e c t i o n  to  th e  bound 
s t a t e  in  both  £ = 1 and £ = 3 t r a n s i t i o n s .
The simnle zero range c a l c u l a t i o n  i s  j u s t i f i e d  by the  i n s i g ­
n i f i c a n t  e f f e c t s  o f  the  f i n i t e  range f a c t o r .  Drisko and S a t c h l e r  
[Dr64] have dem ons t ra ted  th e  use of  the f i n i t e  range c o r r e c t i o n  t o ,  
a t  l e a s t  p a r t i a l l y ,  r e p l a c e  the need o f  a lower c u t - o f f  in  the  r a d i a l  
i n t e g r a l s  which i s  an a r t i f i c i a l  techn ique  used  in  many ana ly ses  
where th e  normal DWBA p r e s c r i p t i o n  has f a i l e d ,  t o  e f f e c t  a f i t  a t  
backward a n g le s .  The f i n i t e  range f a c t o r  dampens c o n t r i b u t i o n s  from 
the  n u c l e a r  i n t e r i o r  and hence has a l e s s  d r a s t i c  bu t  q u a l i t a t i v e l y  
s i m i l a r  e f f e c t  to  the  c u t - o f f .  The e x t e n t  o f  the  i n f l u e n c e  on the  
a n g u la r  d i s t r i b u t i o n  i s  g r e a t e s t  when: ( i )  t h e r e  i s  a l a rg e  momentum
t r a n s f e r ,  i . e .  f o r  l a rg e  Q-values o r  heavy t r a n s f e r r e d  p a r t i c l e s  as 
in  (a ,p )  r e a c t i o n s ;  ( i i )  one or both o f  th e  s c a t t e r e d  p a r t i c l e s  p e n e ­
t r a t e s  t h e  n u c l e u s ;  ( i i i )  the  r a d i a l  i n t e g r a l  undergoes  few o s c i l l a ­
t i o n s .  This  l a s t  n r o p e r t y  i s  determined by th e  choice o f  d i s c r e t e  
ambiguity  in  th e  o p t i c a l  p o t e n t i a l s  and the  p r i n c i p a l  quantum number 
of  the  bound s t a t e .  Mines [Mi66] showed t h a t  the  A and C deu te ron  
p a ram e te r s  were a f f e c t e d  by both f i n i t e  range and n o n - l o c a l  c o r r e c ­
t i o n s  t o  a f a r  g r e a t e r  e x t e n t  than the  B and D s e t s .  The r e s u l t s  of  
f i g u r e  I I I . 15 can thus  be exp la ined  by th e  u se  o f  B-type pa ram ete rs  
and th e  com para t ive ly  low Q-values .  Because o f  the  absence o f  nodes 
in  the  I f  bound s t a t e  wave func t ion  o f  the  £ = 3 t r a n s i t i o n ,  more 
d e v i a t i o n  ought to  occur .  The c o n t ra ry  o b s e r v a t i o n  shows the  g r e a t e r  
im por tance o f  the  o s c i l l a t i o n s  in  the  d i s t o r t e d  waves.
N o n - l o c a l i t y  o f  the  s c a t t e r i n g  p o t e n t i a l s  reduces  the  
s t r u c t u r e  o f  both  th e  £ = 1 and £ = 3 d i s t r i b u t i o n s ,  and f o r  £ = 3, 
moves the  phase  o f  the  maxima by about 3°.  F u r th e r  i n c l u s i o n  of  non ­
l o c a l i t y  in  the  bound s t a t e  p o t e n t i a l  i n c r e a s e s  t h e  a b s o lu t e  c r o s s -
EFFECTS OF FR AND NL
MC r(d ,p )S5Cr
E j '  II MeV E = 0 0
I 0 - - j * 1/2
—~  +  FR
+  NL
-  +  NL
DW (
(ARB.  UNITS)
0 0 I - -
Ej= 8 Me V E = 0-524 MeV
j * 5 /2
+  FR
DW
(ARB. UNITS)
+  NL FOR n0 I - -
v .-.— s
(DEGREES)
Figure  I I I . 15: E f f e c t s  o f  the  s u c c e s s iv e  a d d i t i o n  o f  f i n i t e  range
and n o n - lo c a l  c o r r e c t i o n s  to  DWBA c a l c u l a t i o n s  u s ing  the  a p a r a ­
me te rs  of  t a b l e  111 .9.
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section by 25% because of the renormalization of the neutron wave 
function. There is no change to the shape however, and it appears 
that such effects are due only to the scattering wave functions. The 
damping of the distorted waves is equivalent to nuclear absorption 
and, except for the phase change, the effects of the non-local cor­
rection in the deuteron and proton channels on the angular distribu­
tions closely resemble those resulting from increasing the imaginary 
part of the optical potentials.
It is clearly important in the 54Cr(d,p)55Cr reaction to 
include non-local corrections in each nuclear potential. On the 
other hand, a zero range treatment of the deuteron structure proves 
sufficient; a fact which is further substantiated by Delic and 
Robson [De70] in their exact finite range calculations on 
52Cr(d,p)5 3Cr.
III.7.3 Parameters
III.7.3.1 Theoretical Prescription
Parametrization of DWBA calculations consists of specify­
ing the form of the optical potentials in both incident and outgoing 
channels and the single particle well which defines the bound state 
wave function.
Simultaneous measurement of the elastic scattering of the 
incident particles provides the necessary determination of the wave 
function for the ingoing channel. The outgoing channel is described 
by the scattering of the product particles by the appropriate target 
and at the appropriate energy. Strict fulfilment of these conditions 
is possible only for transitions to the ground state of stable nuclei. 
In practice, it is usually necessary to employ parameters describing 
the scattering from nuclei of nearby mass and as close as possible to 
the outgoing energy of the reaction products in the rest system of
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the residual nucleus. The usual smooth variation of optical model 
parameters with charge, mass and energy permits accurate extrapola­
tion to the required values, except in situations, such as the clos­
ure of nucleon shells, where details of nuclear structure may be 
accounted for by sudden fluctuations in the optical model parameters.
The choice of bound state potential was discussed in 
section II.2.6. The code DWUCK assumes a Woods-Saxon central poten­
tial with a Thomas spin-orbit term, and matches the tail of the wave 
function to the separation energy of the bound particle.
III.7.3.2 Parameter Effects
This prescription leaves little freedom in the DWBA para­
meters, but, frequently, exact application of the theory does not 
provide satisfactory fits to reaction angular distributions. Some 
adjustment of parameters is required to improve essential features of 
the fits. The multiplicity of parameters and the time required for 
calculation make y2 searching impractical; instead, the parameters 
are varied singly or, perhaps in pairs, to observe their effects.
Such an investigation was performed on the £ = 1 transitions to the 
ground state and first excited state of 55Cr because of the pronounced 
deviations in structure at backward angles, the higher quality of the 
data, and the fact that the lower ^-values prove more sensitive to 
parameter variations. Only general qualitative trends could be deter­
mined since the exact effects of a change depend on the values of all 
the other fixed variables. The notation used for the DWBA parameters 
is the same as was introduced for the optical model (equation III.7) 
but with the addition of a further subscript d, p or n to denote the 
relevant particle.
The real well depths and are the most influential.
They affect the phase and intensity of the structure strongly at back-
91
ward a n g l e s ,  bu t  only l i t t l e  at  forward  a n g le s .  The r a t i o  o f  the
c r o s s - s e c t i o n  a t  th e  pr im ary  and secondary  maxima i s  s e n s i t i v e  only
to  U, and U . d p
The pa ram e te rs  d e s c r ib i n g  th e  a b s o r p t i o n  w e l l  p r i n c i p a l l y  
de te rm ine  th e  i n t e n s i t y  and s lope  o f  the  p a t t e r n  in  the backward 
hemisphere  and a re  c o r r e l a t e d  with  th e  r e a l  d i f f u s e n e s s e s ,  A s i m i l a r  
e f f e c t  was observed  in  e l a s t i c  s c a t t e r i n g .
The r e g io n  of  i n f l u e n c e  o f  the  s p i n - o r b i t  w e l l s  i n  the  d e u t -  
e ron  and p ro to n  p o t e n t i a l s  i s  r e s t r i c t e d  t o  ang les  g r e a t e r  than  about 
95°. They have l i t t l e  e f f e c t  on the  phase o f  th e  s t r u c t u r e ,  changing 
only  the  i n t e n s i t y  and s lo p e .  The exac t  n a t u r e  o f  th e  changes i n ­
cu r red  i s  s t r o n g l y  c o r r e l a t e d  t o  the  va lu e s  o f  and and,  of  
c o u r s e ,  depends on the  va lue  of  the  t r a n s f e r r e d  t o t a l  an g u la r  
momentum. However, i t  i s  apparent  t h a t  the  i n f l u e n c e  o f  th e  deu te ron  
s p i n - o r b i t  te rm ,  i s  g r e a t e r  than t h a t  of  th e  p r o to n  term and,  f u r t h e r ,  
t h a t  the  a b s o r p t i o n  terms T^ and T^ have l i t t l e  i n f l u e n c e  on the  
an g u la r  d i s t r i b u t i o n s  and consequen t ly  a re  h e n c e f o r t h  n e g l e c t e d .
As f o r  e l a s t i c  s c a t t e r i n g ,  the  DWBA c a l c u l a t i o n s  a re  
i n s e n s i t i v e  to  th e  geometry of  the Coulomb p o t e n t i a l .  Throughout the  
p r e s e n t  a n a l y s i s ,  a un i fo rm ly  charged sphere  i s  assumed w i th  reduced 
r a d i i  f i x e d  a t  1.3 fm f o r  the  deu te ron  and 1.25 fm f o r  the  p r o to n .
I I I . 7 . 3 . 3  Neutron Paramete rs
The bound s t a t e  p o t e n t i a l  i s  s p e c i f i e d  by th e  r a d iu s  and
d i f f u s e n e s s  o f  the  form f a c t o r  and by t h e  Thomas c o n s t a n t  which
d e f i n e s  t h e  s p i n - o r b i t  te rm. Of t h e s e ,  only th e  r a d iu s  p a r a m e te r
a f f e c t s  t h e  shape o f  the  angu la r  d i s t r i b u t i o n  by v a ry ing  th e
emphasis i n  th e  s u r f a c e  reg io n  where the  d i s t o r t e d  waves a r e  r a p i d l y
changing .  The s t r u c t u r e  becomes more pronounced as the  n e u t ro n
r a d i u s  i n c r e a s e s  r e l a t i v e  to  th e  r a d i i  r  , and r  and th e  e f f e c t sud up
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may be compensated by adjustment of the latter parameters.
The choice of the neutron potential critically affects the
absolute cross-sections and hence the extracted spectroscopic factors
and is discussed more fully in the appropriate section. For much of
the analysis, where the normalization was not important, values were
chosen which have been commonly employed for calculations of both
DWBA cross-sections [e.g. A167] and the positions of single particle
states in nuclei [e.g. Bo69] and were originally derived from an
optical model analysis of proton scattering. The values are:
r = 1.25 fm, a = 0.65 fm and X = 25 . n n
The single particle orbit is specified by the parameters n, 
£ and j which are determined by the availability of neutron orbits 
according to the simple shell model. The £ = 3, 1 and 4 transitions 
populate respectively the lf^^> 2p and Ig^^ orbitals which make up 
the shell filling at neutron number 50. It is assumed that the £ = 0 
and £ = 2 levels are respectively in the 3s and 2d subshells.
III.7.3.4 Proton Parameters
Many optical model analyses have been made of elastic 
proton scattering from a wide range of nuclei and the resulting para­
meters have been systematized and summarized by Perey [Pe63] and 
Hodgson [Ho67]. Considerable variation exists between parameter sets 
for neighbouring nuclei, presumably as a result of different methods 
of analysis and searching.
Discrete ambiguities of the type discussed in deuteron 
scattering, have been reported [An64] but, almost without exception, 
only values corresponding to a well depth of 50 MeV for a radius of 
about 1.2 fm have been employed. For the same radius, Andrews et al. 
quoted parameters for the chromium isotopes with depths of 17 MeV and 
106 MeV, the latter providing an equally good fit to the angular dis-
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tributions. However, there is strong theoretical evidence supporting 
the choice of the 50 MeV potential, stemming from derivations of the 
nucleon-nucleus optical model potential such as that of Greenlees et 
al. [Gr68a], in which only this potential gives the expected volume 
integral. Further evidence is provided by a comparison with single 
particle potentials in nuclei such as in the bound state portion of 
the present DWBA calculations where it is observed that for a neutron 
radius parameter r^ = 1.25 fm, a well depth of 40-50 MeV is required, 
depending on the separation energy.
Satisfaction of the requirements on proton parameters im­
posed for the present analysis still leaves several possible choices. 
Two discrete sets of parameters have been adopted. The first was 
taken from a treatment by Delic and Robson [De69a] of the reactions 
50Cr(d,p)5^Cr at 7.5 MeV and Cr(d,p)5jCr at 8.0 MeV, corresponding 
to proton energies of 14.1 MeV and 16.0 MeV respectively. The proton 
parameters used in that work were taken close to conventional values 
with the real well depth adjusted to fit the (d,p) angular distribu­
tions. The values are listed in table III.9 where they are denoted 
by a8 and all indicating the parameter choice (a) and energy. The 
potential has been adjusted as described in section III.7.4.
The other set of parameters was taken from an analysis by
Becchetti and Greenlees [Be69] of neutron and proton scattering data
for a range of nuclei with mass A > 40 and at energies E < 50 MeV.
They used a functional dependence on E , Z and A, employed earlier by
Perey [Pe63], which includes terms proportional to the energy, the
1/3symmetry parameter (N-Z)/A and the isospin parameter Z/A . The 
coefficients of the various terms were adjusted to obtain an overall 
best fit. In the convention adopted in the present work, the follow­
ing parameters were obtained:
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Table 111.9
Paramete rs  Employed in  DWBA C a l c u l a t i o n s
P a r t i c l e Param e te r (a ) a8 68 a l  1 611
U -95 -95 -95 -95
r 1,175 1.202 1.175 1.175u
a 0.782 0. 749 0.782 0.813u
W 64 61.5 64 67.08
d r 1.455 1.330 1.455 1.348w
a 0.6 0.722 0.6 0.673w
S -18 -18 -18 -18
r 0.7 0 .7 0 .7 0.7s
a 0.4 0 .4 0 .4 0 .4s
U -50 -55 .751(b ) -55 -60
r 1.25 1.17 1.25 1.17u
a 0.65 0.75 0.65 0.75u
W 48 41.348(b) 48 38.400(b)
P r w 1.25 1.32 1.25 1,32
a 0.47 0.6 0.47 0.6w
S -32 -24 .8 -32 -24 .8
r 1.25 1.01 1.25 1.01s
a 0.65 0.75 0.65 0.75s
U ad j (c ) adj (c) adj (c) adj (c)
r 1.25 1.25 1.25 1.25
n a 0,65 0.515 0.65 0.515
X 25 25 25 25
N o t e s :
(a) DWUCK conven t ion ,
(b) Ground s t a t e  v a lu e ,  Adjus ted  accord ing  t o  eq u a t io n  111,20.
(c) A d jus ted  to  match t o  t a i l  with  c o r r e c t  s e p a r a t i o n  energy .
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U = - (54.0 - 0.32 E + 0 .4  Z/A1/3 + 24.0 (N-Z)/A) MeV
r  = 1.17 fm u
a = 0.75 fm u
W = 47.2 - E + 48 „0 x (N-Z)/A MeV
r  = 1.32 fm w
a = 0.51 + 0 .7  x (N-Z)/A fm w
S = -24 .8  MeV.fm2
( 111 . 20 )
r  = 1.01 fm s
a = 0.75 fm s
A volume a b s o r p t i o n  term was a l so  in c lu d e d  in  th e  g en e ra l
p o t e n t i a l  of  r e f e r e n c e  [Be69] but  at  the  e n e r g i e s  invo lved  h e r e ,  was
e i t h e r  zero  or  very  smal l  and was consequen t ly  ig n o red .  The va lu e s
r e l e v a n t  fo r  th e  r e a c t i o n  5-+Cr(d ,p )  55Cr are s i m i l a r l y  l i s t e d  in
t a b l e  I I 1 . 9 as 08 and 311. The value of  U a t  11 MeV has a l s o  been
P
a d j u s t e d  as d e s c r ib e d  in  s e c t i o n  I I I . 7 .4 .
The d e v i a t i o n s  between the r e a l  c e n t r a l  p o t e n t i a l s  c o r r e s ­
pond t o  d i f f e r e n t  p o i n t s  in  the  Ur11 ambiguity.  Each p o t e n t i a l  i s  
c h a r a c t e r i z e d  by a lmos t  equal  va lues  o f  ( E - U ) . r 2 and th e  volume 
i n t e g r a l  J ^ ;  th e  l a t t e r  being 486 and 482 MeV.fm^ f o r  th e  s e t s  a and 
3 r e s p e c t i v e l y .  There a re  s i g n i f i c a n t  d i s c r e p a n c i e s  between a l l  the  
p a ram e te r s  bu t  a no tewor thy  d i f f e r e n c e  a r i s e s  i n  th e  case  of  the  
s p i n - o r b i t  r a d i u s .  The an a ly se s  lead ing  to  p a ra m e te r s  a equated  th e  
geom etr ie s  o f  th e  c e n t r a l  and s p i n - o r b i t  p o t e n t i a l s ,  whereas 
B e c c h e t t i  and G reen lees  found a c o n s i s t e n t  t r e n d  towards  a va lue  o f  
r^ = 0.9  r ^ .  F igure  111.16 shows a comparison o f  the  t h e o r e t i c a l  
an g u la r  d i s t r i b u t i o n s  l e a d in g  to  the  ground s t a t e ,  u s ing  B8 deu te ron  
p a ra m e te r s .  Other  than  a 15% change in  the  a b s o l u t e  c r o s s - s e c t i o n ,  
the  d i s t r i b u t i o n s  d i f f e r  in  the  phase and i n t e n s i t y  o f  t h e  s t r u c t u r e  
in  the  backward hemisphere .
EFFECTS OF PROTON PARAMETERS
E .* 8 MeV
B8 d-PARAM ETERS +
------ <x8 p-PARAM ETERN
-----ßB p -  PARAMETERS
i ■ 3 / 2(ARB. UNITS)
• 1/2
(DEGREES)
Figure II1.16: Effects of variations in the proton parameters on
the DWBA calculations of l = 1 distributions. The deuteron 
parameters were taken from the elastic scattering analysis.
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III.7.4 Fits to the Data
To obtain fits to the angular distributions, two essentially 
opposing approaches have been adopted. The first is intended to 
reproduce the observed j-dependence in the Z = 1 transitions. The 
second method is to impose the prescription described in the last 
section with minimal further adjustments to the parameters to obtain 
a good qualitative fit to the data. The results of each analysis are 
presented below, followed by a comparison of the final parameters 
(labelled a and ß respectively) and a discussion of certain aspects 
of the fits. Parameter searching was carried out mainly on the 
ground and first excited states, for the reasons mentioned above.
III.7.4.1 Method I - Fitting of the Z = 1 Distributions
In the forementioned analysis of 50»52Cr(d,p)51>53Cr 
[De69a], seven angular distributions of the differential cross- 
section and four distributions of the polarization of protons leading 
to Z = 1 states of known spin in the residual nuclei were fitted. All 
of the fits were obtained with essentially one set of parameters 
(namely, those denoted by a in table III.9)but with = -100 MeV and
U = -53 MeV for 52Cr, and IK = -108 MeV and U = -55 MeV for 50Cr.P d p
With only minor adjustment to the real well depths, to the 
values in table III.9, the same parameters provide satisfactory fits 
to the six Z = 1 distributions in 5i+Cr (d ,p) 5 5Cr (figures 111.19 and 
III.20). No significant improvement could be obtained by consider­
able variation of the other parameters.
The starting values for the deuteron parameters in the work 
of Delic and Robson were provided by the optical model analysis of 
50Cr(d,dg)50Cr at 9 MeV by Alty et al. [A167]. The most significant 
deviation from the initial parameters occurs in the deuteron spin- 
orbit well, where the "small geometry", referred to in section III.3.3,
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is introduced. The abnormally small values of r^ and a^ give the 
maximum dependence on j, but even then, the calculations fail to 
achieve the intensity of the observed effect, particularly in the 
11 MeV data. The role of the small geometry is displayed in figure 
III.17 where theoretical angular distributions of the ground state 
transition at 8 MeV, are plotted using the a8 parameters with:
(i) the small spin-orbit term, and (ii) conventional values used in 
the optical model parameter set B8. In the latter case the j = \ and 
j = 3/2 distributions are similar, the only qualitative difference 
being the position of the shoulder near 100°. With the introduction 
of the a spin-orbit parameters, the backward structure in the j = % 
case becomes more intense and moves to smaller angles while for 
j = 3/2, the structure decreases and moves to larger angles, such 
that the observed j-dependence is reproduced.
It is interesting to investigate the history of a small 
spin-orbit geometry in the deuteron optical potential. It begins 
with an analysis of the scattering of polarized deuterons from 27A1, 
28Si and 50Ni [Sc68] and later from 40Ca [Sc69] by Schwandt and 
Haeberli. The differential cross-section and polarization were 
fitted over a range of energies and it was found that good fits were 
obtained which proved insensitive to the spin-orbit geometry in the 
range 0.5 < rg < 0.9 fm and 0.3  ^ a^ < 0.7 fm. Yule and Haeberli 
[Yu68] have also reproduced the strong j-dependence observed in the 
polarization of protons following the (d,p) reaction on 8Be, i2C,
28Si and 40Ca targets and found that a progressively decreasing 
geometry was required as the mass of the target increased. The 
radius and diffuseness varied from 1.16 fm and 0.93 fm respectively 
for 9Be to 0.65 fm and 0.5 fm for 40Ca. Following the lead of 
Schwandt and Haeberli, Robson [Ro68] first employed the values of 
rs = 0.7 fm and ag = 0.4 fm in calculations of the j-dependence in
EFFECTS OF DEUTERON S -0  GEOMETRY 
54C r ( d ,p ) 9SCr
E . = 8 MeV
a 8  d-P A R A M E T E R S  +
B 8 SPIN-ORBIT W ELb 
SMALL SPIN-ORBIT WELL
j - 3 /2(ARB. UNITS)
J - 1/2
(DEGREES)
Figure  I I I . 17: E f f e c t s  of  th e  small  s p i n - o r b i t  geometry i n  th e
deu te ron  p o t e n t i a l  on DWBA p r e d i c t i o n s  o f  ft = 1 j - d e p e n d e n c e .
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4°Ca(d,p)  ^*Ca and bTFe (d ,p) b5Fe. Later Griffith et al. [Gr70] used 
similar spin-orbit geometries in an analysis of the polarization of 
deuterons scattered from targets ranging from ^öSi and In. insensi­
tivity of the fits to the geometry within a certain range was veri­
fied and average values rg = 0.84 fm and a^ = 0.46 fm obtained. It 
appears then that in several cases where data are sensitive to the 
deuteron spin-orbit potential, both in polarization measurements and 
spin dependence of cross-sections, there is a preference for the 
well to be located inside the nuclear interior and to be sharply 
peaked. In fact, to date, the only successful predictions of j- 
dependence in the 2p-shell have used such a spin-orbit potential. 
However, contrary information is offered by Baxter et al. [Ba68] who 
obtained satisfactory fits to the polarization of deuterons scatter­
ed from 12C, 56Fe and 58Ni, with a conventional geometry comparable 
to that of the central potential.
To resolve the confusion that clearly exists regarding the 
nature of the deuteron spin-orbit potential, it will be necessary to 
incorporate an investigation of the vector polarization of scattered 
deuterons over a wide range of target masses and energies with 
reaction data which depend on the deuteron spin-orbit force. Only 
physically reasonable parameters which can provide an explanation of 
all phenomena attributable to the spin-orbit potential' can be con­
sidered acceptable. At present, a discrepancy exists between the 
conclusions of the scattering and the reaction experiments.
III.7.4.2 Method II - Elastic Scattering Parameters
The prescription laid down in section 111.7.3.1 can be 
implemented by making use of the deuteron parameters found in section 
III.3 and the proton parameters calculated from the formulae of 
Becchetti and Greenlees, given by equation (III.20). Since the
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elastic scattering analysis was unable to select between the discrete 
ambiguities, each of the four sets of deuteron parameters were invest­
igated at both energies. The calculations are shown in figure III„18 
and it is apparent that the fits are inadequate. The B, C and D sets 
reproduce the experimental data at forward angles but the fit deter­
iorates at middle and backward angles as the structure becomes out of 
phase and of incorrect intensity. Further, the experimental in­
dependence is reversed with respect to the Lee-Schiffer criterion, 
such that the j = 3/2 distribution using B or D parameters has a 
structure which satisfactorily fits the probable j = % transition to 
the 0.245 MeV state.
The similarity between the B and D parameters is quite 
marked and consistent with the optical model results; on the other 
hand, the A parameters lead to a considerably different result which 
bears little resemblance to the data. Alty et al. [A167J observed a 
similar effect in the reaction 52Cr(d,p)53Cr and concluded that the B 
and D parameters could not be distinguished from such an analysis. 
Mines [Mi66] , however, found that with non-local and finite range 
corrections in calculations of the same reaction, the A, B and D sets 
all became indistinguishable. It is likely that conflicting observa­
tions in the same or similar data and analyses, arise from variations 
between the exact values of optical model parameters employed by the 
different authors.
Elements of uncertainty arise in the application of the 
elastic scattering parameters and it must be ascertained whether they 
are responsible for the poor fits. The reasons for the uncertainty 
are: (i) the Ur11 ambiguity in the deuteron potential, (ii) choice
of the proton parameters, and (iii) the inability to determine the 
deuteron spin-orbit potential from the scattering analysis. Each
84C r ( d . p ) 88Cr
DWBA FITS WITH ELASTIC PARAMETERS 
E d '8 MeV i .  I Ed-IIM eV
Ex • 0 0 MeV
100-0 - 1
Ex- 0 -2 4 5  MeV 
j • 1/2KX> 0
10 0 - - /i ti
D8 :
■ 0 0  MeV 
j ■ 3 /2
0 245 MeV
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(DEGREES)
F igure  I I I . 18: DWBA f i t s  t o  th e  t r a n s i t i o n s  le ad in g  to  t h e  ground
and f i r s t  e x c i t e d  s t a t e s  o f  55Cr, u s in g  the  deu te ron  o p t i c a l  
model p a ram e te r s  o f  t a b l e  111 .5 .
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point was investigated for the B8 parameters by varying and r ^ 
along the Ur11 ambiguity, and employing the proton potential and 
deuteron spin-orbit well of the a parameters.
Little change was produced by any of the adjustments and it 
must be concluded that the theoretical prescription fails for the 
54Cr(d,p)55Cr reaction, and the optical model wave functions which 
give a good account of the elastic scattering data are inadequate in 
the DWBA formalism because they do not accurately describe the 
deuteron or proton motion near the nuclear surface. Such diffi­
culties are not uncommon, and have occurred, for example, in the
doubly magic nucleus 40Ca [Le64c] as well as on nearby nuclei such as 
in the analysis of 52Cr(d,p)53Cr by Bjorkholm [Bj69].
A comparison of the B8 and a8 parameters, or Bll and all,
shows that the principal difference lies in the value of the real
potential (a parameter which critically affects the distribution
shape) and in the use of the small spin-orbit geometry. To see if
the fits could be restored, a grid was carried out on the values of
U, and U in each of the four sets at 8 MeV. For the A8, C8 and D8d p
sets, a satisfactory fit could not be achieved over a wide range of
values. In the case of the B8 set, a fit of the quality obtained
with the a parameters, was found simply by changing to -95 MeV,
the same value as used in the a sets. A parallel result was achieved
in the Bll case where the best-fit values of U, and U are -95 MeVd p
and -60 MeV respectively in comparison to the all set where an 
increase in |u j of 5 MeV over the lower energy data was also 
required. In each case, the small spin-orbit well is essential to 
achieve the j-dependence.
It is difficult to choose between the various sets on the 
evidence supplied by these fits since none of the elastic parameters
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can reproduce  the d a t a  w i th o u t  ad justment»  However the  B p o t e n t i a l  
i s  c l e a r l y  favoured  bo th  by the  ensuing  s i m i l a r i t y  t o  the  d a t a  and by 
the a b i l i t y  o f  p ro v id in g  a f i t  upon a d ju s tm en t .
Severa l  t h e o r e t i c a l  pape rs  [e„g.  Sa62,  B165, Te66] have 
p r e d i c t e d  t h a t  the  c e n t r a l  w e l l  of  t h e  d e u te ro n  o p t i c a l  p o t e n t i a l  
shou ld  approximate the  sum f o r  the  p r o to n  and n eu t ron  p o t e n t i a l s  
which in  th e  p r e s e n t  case i s  ~ 100 MeV. T h e re fo re  in  con ju n c t io n  
with  th e  ev idence  stemming from the  i n t e r p r e t a t i o n  o f  th e  volume 
i n t e g r a l  in  the  th e o ry  of  G reen lees  e t  a l . , i t  was dec ided  to  r e t a i n  
on ly  the  f i n a l  B-type p a r a m e te r s ,  as in  f a c t  i s  done in  almost  a l l  
s i m i l a r  a n a l y s e s .
I I I . 7 . 4 . 3  D iscuss ion  o f  t h e  F i t s
The r e s u l t i n g  p a ram e te r s  from th e  l a t t e r  i n v e s t i g a t i o n  are 
l i s t e d  in  t a b l e  I I I . 9 as 38 and 311. Because o f  the  need f o r  a d j u s t ­
ment,  t h e  2% change i n  o ve r  th e  range  o f  Q -v a lu es ,  p r e d i c t e d  by 
e q u a t io n  (111 .20 ) ,  has been ignored  i n  th e  311 case .  The co r re s p o n d ­
ing  f i t s  a re  shown in  f i g u r e s  I I I . 21 and 111.22 ,  and c l o s e l y  resemble  
th o s e  o b t a in e d  from th e  a - s e t s ,  the  p a ra m e te r s  d i f f e r i n g  only  a 
l i t t l e  in  th e  deu te ron  im aginary  p o t e n t i a l  and th e  p ro to n  p o t e n t i a l .  
At th e  lower energy ,  b e t t e r  f i t s  a re  g e n e r a l l y  p rov ided  by the a -  
p a ram e te r s  w h i le  th e  o p p o s i t e  i s  t r u e  a t  11 MeV. However th e  con­
t r a s t  depends s t r o n g l y  on the  s t a t e  concerned.
The the o ry  o v e r e s t i m a t e s  the  r a t i o  of  p r im ary  t o  secondary  
maxima f o r  the  Z  = 1 d i s t r i b u t i o n s  a t  8 MeV, b rough t  about  by th e  i n ­
c r e a s e  o f  over  the  e l a s t i c  s c a t t e r i n g  v a lu e .  The B8 pa ram ete rs  
more a c c u r a t e l y  p r e d i c t  the  r a t i o  bu t  t h i s  f e a t u r e  has t o  be s a c r i ­
f i c e d  to  ach ieve  a f i t  a t  backward a n g l e s .  In th e  11 MeV ca s e ,  where 
th e  p r o to n  w e l l  depth i s  l a r g e r ,  the  r a t i o  has been reduced ,  a t  the  
expense o f  th e  Z  = 3 f i t s .  For the  l a t t e r  d i s t r i b u t i o n s ,  the  s t r i p -
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p ing  peak i s  u n d e re s t im a te d  a t  11 MeV, p a r t i c u l a r l y  f o r  the  s t a t e s  o f  
lower e x c i t a t i o n ,  but  i s  c o r r e c t  a t  8 MeV bombarding energy.
O ther  than  the  p o in t s  j u s t  d e s c r ib e d  and the  dependence on 
j which i s  d i s c u s s e d  in  th e  nex t  s e c t i o n ,  t h e r e  a re  f i v e  t r a n s i t i o n s  
which r e q u i r e  s p e c i a l  comment:
1. 1.487 MeV s t a t e :  the  £ = 1 c a l c u l a t i o n s  c o r r e c t l y  p r e d i c t  th e
phase  and s lope  o f  each of  the  exper im en ta l  d i s t r i b u t i o n s  a t  both 
e n e r g i e s  w i th  the  e x c e p t io n  o f  the  1.487 MeV l e v e l  f o r  which th e  b a c k ­
ward angle  s t r u c t u r e  i s  10° out o f  phase .  Th is  i s  th e  more s u r p r i s ­
ing  because  of  the  comparat ive s t r e n g t h  o f  th e  t r a n s i t i o n ,  which 
i n d i c a t e s  t h a t  t h e  s t a t e  i s  predominantly  s i n g l e  p a r t i c l e ,  and,  as 
such ,  ought  to  be compat ib le with the DW formal ism.  The d i s c rep a n cy  
exceeds any which may r e s u l t  from k inem at ic  c o r r e c t i o n s  t o  th e  p a r a ­
m e te rs  .
2. 1.229 MeV s t a t e :  no s a t i s f a c t o r y  f i t  t o  t h i s  t r a n s i t i o n  was p o s s ­
i b l e  w i th  th e  a o r  8 pa ram e te rs .  The f l a t n e s s  of  t h e  a n g u la r  d i s t r i ­
b u t i o n  no ted  in  s e c t i o n  H i . 5 .3 ,  i s  i n c o n s i s t e n t  w i th  a pure s t r i p ­
p ing  mechanism, and,  taken  in  con junc t ion  w i th  the  f a c t  t h a t  the  
1.229 MeV t r a n s i t i o n  has the  s m a l l e s t  c r o s s - s e c t i o n  o f  th o s e  measured,  
s u g g es t s  a s i g n i f i c a n t  c o n t r i b u t i o n  of  a compound n uc leus  p ro ces s  to  
th e  r e a c t i o n .
The phase o f  th e  s t r u c t u r e  does n o t  fo l low  th e  p r e d i c t i o n s  
o f  th e  £ = 3 DWBA curve.  In f a c t ,  a t  8 MeV, th e  p o s i t i o n s  of  the  
maxima and minima f i t  th o s e  of  an £ = 4 d i s t r i b u t i o n ,  w h i le  a t  11 MeV, 
where the  d i s t r i b u t i o n  more c l o s e l y  resembles  a s t r i p p i n g  p a t t e r n ,  
th e  s t r u c t u r e  l i e s  between the £ = 3 and £ = 4 s h a p e s ,  f avou r ing  the  
former.  The £ = 3 assignment of r e f e r e n c e  [Bo65] i s  th u s  cons ide red  
in  some doubt.
3. 2.031 MeV and 2.283 MeV s t a t e s :  each o f  t h e s e  s t a t e s  i s  c h a ra c -
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terized by discrepancies between the phases of the experimental and 
theoretical distributions, in particular in the 8 MeV data. Unlike 
the other states investigated, the two levels do not belong to the 
shell which is filling in this mass region. The single particle 
levels corresponding to 3 s an<^  2d^  ^ orbits are expected to be 
more than 8 MeV higher in excitation than the 2p^<9 ground state 
[Bo69]. It is not unreasonable to expect these states to be highly 
admixed and so, poorly represented by the bound state wave function 
used in these calculations.
4. 3.043 MeV state: the transition to this level was measured only
at 11 MeV, and despite the large errors, is unambiguously fitted by 
an £ = 3 distribution. The proton group, although weak, is well 
separated and it appears certain that the level corresponds to the 
3.017 MeV state of Bock et al. [Bo65j. Even though the data were 
limited to forward angles, the £ = 1 assignment from the DWBA fits 
shown in [Bo65] appears reliable. No explanation is forthcoming for 
the disagreement, and the value of £ = 3 is assumed throughout this 
work.
III.7.5 j-Dependence in the DWBA
Inclusion of spin-orbit terms in the nuclear potentials 
gives rise to differences in the angular distributions of the 
j = £ ± % transitions. The predicted j-dependence generally consists 
of a variation in the intensity of the structure at backward angles 
with small differences in the slope and phase. The effect occurs for 
all non-zero £-values but is greatest for £ = 1, despite the propor­
tionality of the spin-orbit potential to i.s.
Since experimental evidence is lacking, the theoretical 
£ = 2 and £ = 4 j-dependence is of little interest. Almost no differ­
ence is observed for the £ = 4 case; but for £ = 2, there is a large
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difference in the phase and intensity of the backward hemisphere 
structure. The agreement with the data for both spins is poor at the 
lower energy, although there is a preference for j = 5/2 from the 
11 MeV fits.
In i = 3 distributions, the position of the secondary maxi­
mum and its height relative to the stripping peak vary with j„ The 
latter criterion, however, is the reverse of the empirical j- 
dependence reported in [De68], and, as has been mentioned, the effect 
is thought to be produced by configuration mixing in the target 
state, not by spin dependent scattering potentials.
The success of the DWBA, in this context, lies in the 
reproduction of the Lee-Schiffer effect in £ = 1 transitions.
Because of the restriction of the dependence to backward angles, its 
almost universal manifestation in strong transitions and its insensi­
tivity to finite range and deuteron D-state corrections [Jo67 and 
De70] , it is probable that the j-dependence is inherent to the strip­
ping mechanism as described by the DWBA and results from spin 
dependence of the distortion potentials.
Delic and Robson [De69b] have demonstrated the role of the 
T^ tensor in generating & = 1 j-dependence in the angular distribu­
tions of protons from the reaction 4QCa(d,p)41Ca. It affects the 
intensity and phase of the backward angle structure, particularly in 
the j = 3/2 curve. However, the influence is insufficient to warrant 
the introduction of three more parameters about which little is known
It has been observed that an account of j-dependence must 
be sought from the initial elastic scattering parameters. The depend 
ence is a sensitive function of the real central well depths and 
Up which must be adjusted principally to obtain the correct phase 
relationship of the maxima and minima in the backward hemisphere.
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The main difficulty is the damping of the structure in the j = 3/2 
distributions, in which the theory more naturally predicts an excess. 
Successful removal requires the small spin-orbit geometry in the 
deuteron potential, but depends more critically on the parameter U . 
Changes of 10% in and can destroy or even reverse the observed 
j-dependence. This property has in fact been used [De69a] to fit 
the distribution of protons populating the exceptional 1,895 MeV 
state in 51Cr.
In the current analysis, good representations of the six 
i = 1 transitions have been achieved at each energy, by implementing 
the procedure just outlined. The expected j = 3/2 distributions to 
the low lying ground and 0.573 MeV states, are structureless beyond 
100° with a constant (8 MeV) or falling (11 MeV) cross-section. The 
theoretical distributions on the other hand, while showing somewhat 
less structure than for j = retain a weak minimum at 130° - 140°. 
The disagreement is worse at the higher energy, where both j = \ and 
j = 3/2 distributions contain excessive structure, but more accurate­
ly predict the phase and slope displayed in the data.
The deterioration of the j-dependence with increasing 
excitation energy, which has been noted in the 8 MeV data, is also a 
property of the theoretical distributions. Figure III.23 shows the 
rapid movement of the 100° maximum towards backward angles and the 
disappearance of the 140° dip. The decreasing proton energy is res­
ponsible for the Q-value dependence. The shift is more rapid in the 
j = 3/2 curves and the shoulder near 100°, which lies forward of the 
corresponding feature in the j = \ distribution, moves such that, 
when Q = 1 MeV, it is separated by 15° in the backward direction. 
Further, the shoulder for j = 3/2 has a larger relative cross-section 
and greater rate of fall-off than the j = % case. At the small Q-
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v a l u e s ,  t h e se  are th e  only d i s t i n g u i s h i n g  f e a t u r e s  which se rv e  t o  
de te rm ine  the  va lue  o f  j .  Since the  d i f f e r e n c e s  are comparable t o  
u n c e r t a i n t i e s  in  bo th  the  d a ta  and th e  t h e o r y ,  no r e l i a b l e  s p in  
ass ignment can be made on th e se  grounds.  However, r e f e r e n c e  t o  
f i g u r e s  I I I . 19 and I I I .21 shows t h a t  a d e f i n i t e  p r e f e r e n c e  f o r  one 
s p in  over  the  o t h e r  i s  p o s s i b l e ,  Both the  2,695 MeV and 2.905 MeV 
t r a n s i t i o n s  are b e t t e r  r e p re s e n t e d  by the  j = \ cu rves .
The s i t u a t i o n  a t  11 MeV i s  more obscure  because  the  th e o ry  
does no t  g ive as good a r e p r e s e n t a t i o n  o f  the  d a t a .  As the  Q-value 
d e c r e a s e s ,  l i t t l e  change i s  observed in  j = % d i s t r i b u t i o n s ,  b u t  the  
j = 3/2 curves  r a p i d l y  approach the  fo rm er ,  u n t i l ,  f o r  l e v e l s  n e a r  3 
MeV e x c i t a t i o n  where Q ~ 1 MeV, th e  two d i s t r i b u t i o n s  a r e  almost  
i d e n t i c a l ,  p a r t i c u l a r l y  w i th  the  $11 p a r a m e te r s .  I t  i s  d i f f i c u l t  to  
choose between the  p o s s i b l e  sp ins  f o r  th e  2.695 MeV and 2.905 MeV 
s t a t e s  from the  11 MeV d a t a ,  b u t ,  i n  th e  a l l  f i t s  o f  f i g u r e  I I I . 20, 
j = \ i s  s l i g h t l y  favoured  f o r  th e se  two t r a n s i t i o n s .
The ass ignment of  a p robab le  s p i n  o f  j = \ from the  DWBA 
f i t s  t o  the  2.695 MeV t r a n s i t i o n  i s  dubious  because  o f  t h e  p o s s i b l e  
c o n t a m in a t io n  from the  2,710 MeV component» The unambiguous £ = 1 
c h a r a c t e r  o f  th e  a n g u l a r  d i s t r i b u t i o n  shows t h a t  e i t h e r  bo th  com­
ponen ts  have the  same £ -v a lu e ,  or  more l i k e l y ,  t h a t  th e  2.710 MeV 
l e v e l  i s  weakly p o p u la t e d ,  in  which case  t h e  c o n c lu s io n s  conce rn ing  
th e  2.695 MeV s t a t e  a re  u n a f f e c t e d .
The four  o t h e r  £ = 1 s t a t e s ,  a t  0 . 0 ,  0 .245 ,  0 .573 and 1.487 
MeV, a re  b e t t e r  f i t t e d  a t  each energy f o r  v a lu e s  o f  j = 3 /2 ,  %, 3 /2 ,
% r e s p e c t i v e l y ,  s u b s t a n t i a t i n g  the  c o n c lu s io n s  of  th e  L e e - S c h i f f e r  
r u l e  and adding r e l i a b i l i t y  to  the  co r respond ing  s p in  a ss ignm en ts .
The as s ignments  f o r  th e  ground and th e  1.487 MeV s t a t e s  and,  f u r t h e r ,  
f o r  th e  0 .893 MeV £ = 3 l e v e l ,  are in  agreement w i th  the  e a r l i e r
d e t e r m in a t io n s  d i s c u s s e d  in  s e c t i o n  I I I . l .
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The i n a b i l i t y  of the  DWBA to account  f o r  the  j -dependence  
when the  t h e o r e t i c a l  p r e s c r i p t i o n  i s  implemented,  has prompted 
a u th o r s  t o  b e l i t t l e  i t s  a p p l i c a t i o n  in  s p e c t r o s c o p y . The p r e s e n t  
work and t h a t  of  D e l i c  and Robson have demonst ra ted  t h a t  ad jus tm en ts  
o f  the  pa ram ete rs  from the  e l a s t i c  s c a t t e r i n g  r e s u l t s  can reproduce  
the  o b s e r v a t i o n s  o f  Lee and S c h i f f e r ,  Fur therm ore ,  the c u r r e n t  
a n a l y s i s  has a t tempted  to  e s t a b l i s h  a r e l a t i o n s h i p  between th e  b e s t  
f i t  p a ram ete rs  and r e a l i s t i c  o p t i c a l  model p a ram e te r s  and to  observe  
the  r o l e  of  th o s e  which a re  e s s e n t i a l  to  e f f e c t  the  j - d e p e n d e n c e .
I t  has been noted  t h a t  w i th  only smal l  changes to  and 
Up, the  expe r im en ta l  j -dependence  can be i n v e r t e d ,  As a r e s u l t ,  d i s ­
t r i b u t i o n s  to  l e v e l s  o f  known sp in  a re  r e q u i r e d  to  se rv e  as a f i t t i n g  
c r i t e r i o n  in  o rd e r  to  e s t a b l i s h  th e  c o r r e c t  p a r a m e te r s .  R e s u l t a n t  
f i t s  t o  the  o t h e r  s t a t e s  may then de te rmine  t h e i r  s p i n s .  The DWBA 
method cannot  r e p l a c e  the  L e e -S c h i f f e r  e m p i r i c a l  r u l e ,  bu t  suppo r t s  
and enhances i t s  a p p l i c a t i o n .  The u s e f u l n e s s  in  sp e c t ro s c o p y  l i e s  in  
e x t r a p o l a t i n g  the  r e s u l t s  to  reg ions  of  Q -va lue ,  mass or  energy where 
t h e  e m p i r i c a l  c r i t e r i o n  i s  ambiguous. F i t t i n g  th e  d e t a i l s  o f  the  
midd le and backward angle d a ta  can sugges t  s p in  a ss ignments  i n  such 
cases  as has  been done f o r  the  2.695 MeV and 2 „905 MeV s t a t e s  in  55Cr.  
The success  o f  the  a param ete rs  f o r  s e v e r a l  s t a t e s  in  51Cr and 53Cr 
and th e  e s t a b l i s h e d  s p i n - 3 /2  ground s t a t e  o f  55Cr p ro v id e s  the  b a s i s  
f o r  r e l i a b i l i t y  o f  th e  paramete rs  and hence f o r  t h e  f i t s  to  th e  o t h e r  
l e v e l s .
F u r t h e r  i n v e s t i g a t i o n  of  the  phenomenon i s  r e q u i r e d  ove r  a 
range o f  d e u t e ro n  e n e r g i e s  and Q-values and on as many even and odd 
mass s t a b l e  n u c l e i  in  th e  2 p - s h e l l  as i s  p o s s i b l e ,  The c o l l e c t i o n  of  
c u r r e n t l y  a v a i l a b l e  d a t a  i s  i n s u f f i c i e n t  t o  de termine  th e  t r e n d s  with
th e s e  v a r i a b l e s .  The in fo rm a t io n  i s  needed to  dec ide  where to  o b t a i n
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data in which j-dependence will be strongest and, hopefully, to iso­
late and systematize the occurrences of exceptions to the Lee- 
Schiffer rule such as the case of the 1.895 MeV level in 51Cr. Sys­
tematic fitting with DWBA calculations may also establish an average 
set of parameters which can be extrapolated to the relevant energies 
and mass and as such would provide the most powerful spectroscopic 
tool arising out of direct reaction work.
III.7.6 Spectroscopic Factors 
III.7.6.1 Extraction
In sections II.2.4 and II.2.5, it was shown that the DWBA 
formula for the angular distributions of a (d,p) reaction contains 
the spectroscopic factors S^ _. and the finite range normalization 
factor Dq as proportionality constants. In most computer codes, 
including DWUCK, it is assumed that the final state is purely single 
particle, so that S ^  = 1, and that the deuteron potential is of zero 
range, giving D§ = 1.0 x 104 MeV2.fm3 (equation 11.52). In order to 
relate the calculated cross-section to the measured value, the true 
spectroscopic factor must be included and DQ adjusted by multiplying 
by the finite range correction factor, which for a Hulthen wave 
function is F = 1.65 (equation 11.54). In the code DWUCK, a statis­
tical factor dependent on the relevant nuclear spins has been omitted, 
so that the relation between the experimental cross-section for the 
reaction A(d,p)B and that calculated by DWUCK aD^(0) is:
dtf(0) _ r . n 
dfi " F S£j 2Jb+1 12J. +1 2j +1 °DWLA Jn
(III.21)
When, as in the present case, = 0, then and equation
(III.21) simplifies to:
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da (0)
F • s*j • °d w (9) (III .22)
The normalization is effected by comparing the quantity N *°DW(e) with 
the experimental distribution and adjusting the normalization con­
stant N until some selected criterion is satisfied, whereupon the 
spectroscopic factor is determined by Sr  = N/F. The most commonly 
employed normalization criterion is the equation of the cross- 
sections at the stripping peak where they are largest (and so have 
smallest relative statistical errors) and contain the least contribu­
tion from the compound nucleus formation. The peak is insensitive to 
parameter ambiguities and can almost always be fitted with the 
elastic scattering parameters. In many analyses, data are measured 
only sufficiently to clearly define the stripping peak and the 
spectroscopic factors thereby extracted.
There arise, however, two difficulties from this method.
The first is associated with the task of measuring accurate forward 
angle data with solid-state detectors. The problems of pulse pile-up, 
high background and poor resolution have been described earlier and 
introduce uncertainties into the data. Some distributions display 
large errors in the region of the stripping peak while for many 
others, in particular the weak transitions, the yield cannot be 
measured owing to a large background or a nearby prolific contaminant 
peak.
Another, and more serious difficulty is the uncertainty of 
the theoretical cross-section. Commonly, the elastic scattering 
parameters do not provide a good fit to the reaction data, indicating 
a failure of the theory and the need to adjust the parameters to gain 
a fit. Although the shape and position of the stripping peak is 
quite stable, the absolute cross-section and the ratio of the primary
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and secondary  maxima are  s e n s i t i v e  t o  p a ram e te r  changes,  e s p e c i a l l y  
th e  r e a l  c e n t r a l  w e l l  dep th s .  Without the  r i g i d i t y  o f  th e  t h e o r e t ­
i c a l  p r e s c r i p t i o n ,  the  s p e c t r o s c o p i c  f a c t o r  depends u l t i m a t e l y  on the  
d e c i s i o n  of  a s a t i s f a c t o r y  f i t .  As has been observed  i n  th e  p r e s e n t  
a n a l y s i s ,  i t  i s  p o s s i b l e  to  c l o s e l y  reproduce  the  g e n e ra l  shape ,  
phase and s lope  o f  the  d i s t r i b u t i o n  bu t  n o t  the  r a t i o  o f  the  f i r s t  
two maxima, and t h e r e  i s  no reason  why th e  c a l c u l a t e d  c r o s s - s e c t i o n  
a t  the  s t r i p p i n g  peak should  be cons ide red  a more a c c u r a t e  e s t i m a t e  
tha n  the  r e s t  o f  th e  d i s t r i b u t i o n .
Under t h e s e  c i rc u m s tan c es ,  a more a c c e p ta b l e  c r i t e r i o n  f o r  
n o r m a l i z a t i o n  i s  t h a t  a t  which a b e s t  f i t  i s  o b ta in e d .  This  r e q u i r e s  
measurement o f  complete angu la r  d i s t r i b u t i o n s  so t h a t  th e  pa ram e te rs  
can be phenom enolog ica l ly  determined  and c o n s i s t e n t  v a lu e s  o f  the  
s p e c t r o s c o p i c  f a c t o r s  e x t r a c t e d .  An element of  s u b j e c t i v i t y  i s  
in t r o d u c e d  th rough  th e  concept  o f  " b e s t  f i t "  which i s  u s u a l l y  dec ided  
by d i r e c t  o b s e r v a t i o n .  Mathematical  t e c h n iq u e s  such as l e a s t  s q u a r e s ,  
a re  i m p r a c t i c a l  u n l e s s  the  shape o f  th e  d a t a  i s  w e l l  r ep roduced  by 
th e  c a l c u l a t e d  d i s t r i b u t i o n .  For example,  a smal l  phase d i f f e r e n c e  
in  a r a p i d l y  f a l l i n g  d i s t r i b u t i o n  w i l l  r e s u l t  i n  a l a r g e  va lue  o f  x 2  > 
out o f  p r o p o r t i o n  with  th e  magnitude o f  t h e  d e v i a t i o n  i n  the  f i t .
With th e  use of  a l o g a r i t h m ic  s c a l e  i n  t h e  o r d i n a t e  o f  the  
p l o t t e d  c u rv e s ,  n o r m a l i z a t i o n  amounts t o  v e r t i c a l  t r a n s l a t i o n  o f  th e  
p l o t s  r e l a t i v e  to  one ano the r .  When the  n o r m a l i z a t i o n  i s  o p t im iz ed ,  
th e  s p e c t r o s c o p i c  f a c t o r  i s  read d i r e c t l y  as t h e  o r d i n a t e  o f  th e  
ex p e r im en ta l  c r o s s - s e c t i o n  a t  a p o i n t  co r respond ing  t o  where,  on t h e  
t h e o r e t i c a l  cu rve ,  a ^  = 1/F.
The p r i n c i p a l  cause o f  u n r e l i a b i l i t y  o f  a b s o lu t e  s p e c t r o ­
s c o p ic  f a c t o r s  i s  the  s e n s i t i v i t y  o f  the  DWBA c r o s s - s e c t i o n  t o  th e  
p a ram e te r s  o f  the  bound s t a t e  which cannot  be a c c u r a t e l y  de te rm ined .
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Whereas the fit is unaffected by them, the absolute cross-section can 
vary by 30% over an acceptable range of values of r , a and the 
Thomas factor X. The reformulated optical model of Greenlees, Pyle 
and Tang [Gr68a] provides a formula for restricting the parameters of 
the nucleon-nucleus potential form factor. The central potential is 
derived in terms of the nuclear matter distribution p (r) and the 
spin-isospin independent part of the two-nucleon force U^(r). It is 
given by (c.f. III.10) :
U(r0) = / pm (r) Ud (|r - r0 |) dr (III.23)
from which the mean square radius (r2) of U(r) may be expressed as:
(r2)R = (r2>m + <r2)d , (III.24)
where the latter terms are the mean square radii of p^Cr) and U^(r) 
respectively. The optimum value of (r2)^, from the fitting procedure 
carried out in [Gr68a], is 2.25 fm2. They also determine 
(r2)^ = 3.92 fm for 58Ni at 14.5 MeV. By assuming proportionality to 
A1^ ,  this value can be extrapolated to 54Cr, yielding (r2)^ = 3.84 
fm. The geometry of the potential must then satisfy:
(r2)R = 3/5 R2 [1 + 7/3 tt2 a2/R2] = 17.06 fm2 , (III.25) 
1/3where R = r *A and the function of a and R assumes a Woods - n n n n
Saxon form factor.
Equation (III.25) defines an ellipse to which the values of 
r and a are confined. Calculations of the j = \ and i = 3/2 dis- 
tributions to the ground state of 55Cr have been performed at seven 
points of the ellipse; the cross-section at 20° and the adjusted 
bound state well depth are plotted in figure III.24. The correspond­
ing values for r^ = 1.25 fm and a^ = 0.65 fm, used in the a para-
BOUND STATE GEOMETRY
3%t MEAN =1-62
Figure III.24: Stability of the cross-section [o (20°),1 = 1] as
L)W
the bound state geometry varies according to the matter radius 
requirement (equation III.25). The black rectangles demonstrate 
the extent of variation. The lower frames show the dependence on 
the radius of the diffuseness and well depth, the latter obeying 
the Ur11 relationship. The open circles represent the convention­
al geometry: r = 1.25 fm and a = 0.65 fm.
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m e te r s ,  a re  a l s o  g iven  f o r  the  purpose o f  compar ison.  The c r o s s -  
s e c t i o n  i s  s t a b l e  over the  range ,  va ry ing  by l e s s  th a n  5% f o r  
1.15 fm < r^ < 1.35 fm, and,  f u r t h e r ,  d i f f e r s  by up t o  50% from the  
a -p a ra m e te r  v a l u e s .  Sharpey-Schafe r  [Sh68] has  a p p l i e d  t h i s  t e c h ­
n ique  to  52C r ( d , p ) 53Cr and r ep o r te d  a s i m i l a r  deg ree  o f  s t a b i l i t y .
The w e l l  d ep th ,  a d j u s t e d  to  y i e l d  th e  c o r r e c t  s e p a r a t i o n  energy of  
the  n e u t ro n ,  approx im ate ly  obeys th e  Ur11 r u l e  w i th  n ~ 1 .75 .  P a r a ­
m e te rs  were chosen from the  c e n t r e  o f  th e  most s t a b l e  r e g i o n ,  namely
r  = 1.25 fm and a = 0.515 fm, and are  t h e  v a lu e s  used in  the  ß8 and n n
311 p a ra m e te r  s e t s .
A t h e o r e t i c a l  founda t ion  i s  thus  e s t a b l i s h e d  which removes 
from the  e x t r a c t i o n  o f  s p e c t r o s c o p i c  f a c t o r s ,  t h e  a m b ig u i t i e s  a r i s i n g  
from the  bound s t a t e  geometry.  The u n c e r t a i n t i e s  a re  n o t  e r a d i c a t e d ,  
u n f o r t u n a t e l y  bu t  mere ly  t r a n s f e r r e d  onto the  t h e o r y ,  o r ,  more s p e c i ­
f i c a l l y ,  onto  the  d e t e rm in a t io n  o f  the  mean square  m a t t e r  r a d i u s ,  a 
small  e r r o r  in  which,  changes the s p e c t r o s c o p i c  f a c t o r s  s i g n i f i c a n t ­
ly .  This  i s  undoubted ly  an improvement on th e  s i t u a t i o n  where th e  
geometry was de te rmined  by the  i n d i v i d u a l ' s  whim o r  p e r s o n a l  p r e f e r ­
ence .  I t  has s h i f t e d  i n t e r e s t  onto one q u a n t i t y  which i s  an i n t r i n ­
s i c  and measurable  p r o p e r t y  of  the  t a r g e t  n u c l e u s .  At p r e s e n t ,  how­
e v e r ,  i t  must be emphasized t h a t  the  r e l i a b i l i t y  o f  t h e  e x t r a c t e d  
s p e c t r o s c o p i c  f a c t o r s  i s  no t  g r e a t e r  s imply  because  o f  th e  im p o s i t io n  
o f  t h e  t h e o r e t i c a l  c o n d i t i o n .
The th e o ry  f u r t h e r  p r e d i c t s  t h a t  th e  n u c leo n -n u c leu s  s p i n -  
o r b i t  p o t e n t i a l  has  a Thomas form f a c t o r  based  on th e  geometry o f  th e  
m a t t e r  d i s t r i b u t i o n .  A nalys is  in  r e f e r e n c e  [Gr68a] has shown t h a t ,  
a l though  t h e  mean square  m a t t e r  r a d i u s  i s  w e l l  d e f in e d  and s t a b l e ,  no 
d e f i n i t e  v a lu e s  o f  th e  r ad iu s  or  d i f f u s e n e s s  p a ram e te r s  can be d e t e r ­
mined.  For the  p r e s e n t  a n a l y s i s ,  a Thomas te rm has been u sed ,  based
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on the  c e n t r a l  p o t e n t i a l .  The p r e d i c t e d  s p i n - o r b i t  s t r e n g t h  agrees
c l o s e l y  w i th  a Thomas f a c t o r  o f  X = 25 f o r  v a l u e s  o f  co r respond ing
to  the  chosen r a d i u s  r  = 1 , 2 5  fm. Because o f  i t s  i n f l u e n c e  in  then
r e g io n  o f  the  n u c l e a r  s u r f a c e  where th e  DWBA c r o s s - s e c t i o n  i s  p r i m a r ­
i l y  de te rm ined ,  th e  bound s t a t e  s p i n - o r b i t  f o r c e  i s  c r i t i c a l  i n  th e  
e x t r a c t i o n  of  s p e c t r o s c o p i c  f a c t o r s  s in c e  i t  can change th e  v a lu e  f o r  
an £ =  3 d i s t r i b u t i o n  by as much as 16%.
I t  i s  concluded t h a t  i t  i s  e s s e n t i a l  t o  r e t a i n  the  bound 
s t a t e  s p i n - o r b i t  te rm and to  de te rm ine  th e  s p e c t r o s c o p i c  f a c t o r  
in d e p e n d e n t ly  f o r  each p o s s i b l e  va lu e  o f  j . I t  would be u s e f u l  to  
o b t a in  more in f o r m a t io n  about  the  geometry and s t r e n g t h  o f  th e  s p i n -  
o r b i t  f o rce  in  o rd e r  t o  e l i m i n a t e  a n o th e r  source  o f  u n c e r t a i n t y .
There are h ope fu l  s ig n s  in  t h a t  d i r e c t i o n ,  such as the  agreement 
between the  p r e d i c t i o n  in  t h e  th e o ry  o f  G reen lees  e t  a l . o f  a s m a l l e r  
s p i n - o r b i t  geometry th a n  the  c e n t r a l  t e rm ,  and th e  f i n d i n g s  o f  
s e v e r a l  o p t i c a l  model an a ly se s  o f  p r o to n  s c a t t e r i n g  d a t a .
In t a b l e  I I I . 10,  s p e c t r o s c o p i c  f a c t o r s  are l i s t e d  f o r  th e  
measured l e v e l s ,  de termined  by a b e s t  f i t  method and u s ing  t h e  38 and 
311 p a ra m e te r s .  Values are given f o r  each energy and j - v a l u e .  The 
agreement between e n e r g i e s  i s  ve ry  c l o s e  w i th  th e  ex c e p t io n  o f  the  
£ = 3, j = 5/2 v a l u e s .  The poor  q u a l i t y  o f  th e  £ = 3 f i t s  a t  11 MeV, 
r e f l e c t e d  mainly  i n  th e  r a t i o  o f  th e  f i r s t  two maxima, has  a l r e a d y  
been mentioned  and e x p l a in s  th e  d i s c r e p a n c y .  The v a lues  in  b r a c k e t s  
i n  th e  11 MeV, j = £ - % column co r respond  t o  s t r i p p i n g  peak norm al­
i z a t i o n  and agree  w i th  th e  8 MeV v a l u e s ,  where t h e  peak was w e l l  
f i t t e d .  I t  i s  i n t e r e s t i n g  t o  observe t h a t  f o r  £ = 1 l e v e l s  a t  8 MeV, 
where th e  forward peak i s  no t  well  f i t t e d ,  th e  b e s t  f i t  c r i t e r i o n  
s t i l l  g ive s  th e  b e t t e r  agreement in  d i r e c t  c o n t r a s t  t o  the  £ = 3
c a s e .
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Table III.10
Spectroscopic Factors Determined from Fits with 3 Parameters
Level 8 MeV 11 MeV Mean
(MeV)
Z-H Z + k Z-k z + k Z - k z+k
0.0 1.16 0.58 1.10 0.58 1.13 0.58
0.245 0.15 0.074 0.15 0.073 0.15 0.074
0.524 0.25 0.16 0.14(0.28)* 0.11 0.26 0.14
0.573 0.20 0.12 0.24 0.13 0.22 0.13
0.893 0.19 0.11 0.13(0.19)* 0.099 0.19 0.11
1.229 0.058 0.028 0.052 0.029 < 0.055 < 0.029
1.487 0.37 0.18 0.39 0.20 0.38 0.19
2.031 0.20 0.18 0.24 0.13 0.22 0.16
2.098 0.94 0.43 0.90 0.35 0.92 0.39
2.283 0.059 0.076 0.068
2.570 0.11 0.060 0.084(0.12)* 0.11 0.058
2.622 0.10 0.055 0.10 0.053 0.10 0.054
2.695 0.057 0.027 0.054 0.029 0.056 0.028
2.905 0.21 0.098 0.24 0.12 0.23 0.11
3.043 0.086 0.051 0.086 0.051
3.168 0.15 0.077 0.19(0.23)* 0.11 0.17 0.094
* Stripping peak normalization.
This demonstrates the difficulty in determining which is 
the correct method of normalization since it depends on knowing where 
the theoretical calculation fails: at forward angles, or backward
angles. The measurement at two energies appears to overcome the 
problem, by providing a corroborative check from the determination of 
consistent sets of spectroscopic factors at both energies.
In the case of the 1.229 MeV state in which a compound 
nucleus component is suspected, normalization has been performed at 
the forward maximum, and the values respresent an upper limit.
The final spectroscopic factors appear in the right hand
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columns o f  t a b l e  I I I .  10 and a re  taken  as a r i t h m e t i c  means o f  the  con­
s i s t e n t  s e t s  a t  th e  two e n e r g i e s .  The e r r o r s  on the  r e l a t i v e  va lu e s  
r e s u l t  from r e l a t i v e  e r r o r s  in  the d a t a  and n o r m a l i z a t i o n  u n c e r t a i n ­
t i e s  and are  e s t i m a t e d  a t  10%. The a b s o lu t e  e r r o r s ,  which depend on 
the  fo rego ing  d i s c u s s i o n  of  the  t h e o r e t i c a l  c r o s s - s e c t i o n s ,  and on 
th e  a b s o lu t e  expe r im en ta l  e r r o r s ,  a re  im p o ss ib le  t o  a s s e s s .  However, 
th e  o f t e n  quoted 20% i s  cons ide red  n o t  u n r e a l i s t i c  in  th e  l i g h t  of  
th e  c u r r e n t  shor tcomings  of  th e  th e o ry .
Table I I I . 11 compares the  f i n a l  v a l u e s  f o r  th e  i = 1 t r a n s ­
i t i o n s  w i th  th o s e  o f  r e f e r e n c e  [Bo65] and a s e t  o b ta in e d  from f i t s  
u s in g  th e  a -p a ram e te r s  w i thou t  n o n - l o c a l i t y ,  f i n i t e  range  c o r r e c t i o n s  
o r  a s p i n - o r b i t  term in  th e  bound s t a t e  p o t e n t i a l .  The a b s o lu t e
v a lu e s  d i f f e r  by up to  25% but  a l l  have been norm al ized  to  ach ieve
( £ = 1 )  i
th e  same t o t a l  s i n g l e  p a r t i c l e  s t r e n g t h  £ ( 2 j . + l )  S . .  The s im i -
^ 1
l a r i t y  between th o s e  v a lues  o b ta ined  from th e  a and 3 pa ram e te rs  
shows th e  i n s e n s i t i v i t y  of  the  r e l a t i v e  s p e c t r o s c o p i c  f a c t o r s  t o  the
Table I I I . 11
Comparison o f  s i n g l e  p a r t i c l e  s t r e n g t h s  f o r  Z = 1 t r a n s i t i o n s .  
The r e s u l t s  from the  p r e s e n t  work have been r eno rm a l ized  
t o  g ive  the  same sum as i n  [Bo65].
« .. FromLevel  nReference
(MeV:i [Bo6S]
a Parameters 3 Paramete rs
O r i g i n a l  Renormalized
N orm al iza t ion
O r ig i n a l  Renormalized
N o rm a l iza t io n
0 .0  2.06 2.32 2.29 1.86 2.34
0.245 0 .39 0.30 0.30 0.22 0 .28
0.573 0.47 0.52 0.51 0.35 0.44
1.487 0.97 0.76 0.75 0.61 0.77
2.695 0.10 0.11 0.11 0.10 0.13
2.905 0 .43 0.46 0.46 0.37  0.46
Sum 4.42 4.47 4.42 3.51 4.42
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ex a c t  pa ram ete rs  i f  b e s t  f i t  n o r m a l i z a t i o n  i s  used .  The agreement 
w i th  th e  e a r l i e r  work i s  s a t i s f a c t o r y .
I I I . 7 . 6 .2  D iscuss ion
The low - ly ing  spect rum o f  55Cr i s  dominated by £ = 1 and 
£ = 3 l e v e l s ,  p o p u la t i n g  th e  2 p - l f  n e u t ro n  s h e l l .  The £ = 0 and 2 
s t a t e s  below 3 MeV are  the  lowes t  components o f  m u l t i p l e t s  ly in g  h igh  
in  e x c i t a t i o n  which have been observed  by Bock e t  a l .  [Bo65] and 
cor respond  to  p o p u l a t i o n  o f  th e  3s and 2d s u b - s h e l l s .
The £ = 0 assignment to  the  2.283 MeV s t a t e  unambiguously 
de te rm ines  i t s  s p in  as %. The 2.031 MeV l e v e l  i s  favoured  t o  have 
J  = 5/2 on s h e l l  model grounds .  However, because  th e  £ = 2 s p i n -  
o r b i t  s p l i t t i n g  i s  on ly  about  3 MeV and a l s o ,  owing t o  th e  expec ted  
c o n f i g u r a t i o n  mixing i n  t h i s  abnormally  low ly in g  s t a t e ,  t h e  lower 
s p in  va lu e  i s  h a r d ly  l e s s  l i k e l y .
The 2.098 MeV l e v e l  i s  th e  only  observed  £ = 4 s t a t e  and 
presumably  be longs  t o  th e  l g ^ ^  s u b - s h e l l  which completes t h e  N = 50 
n e u t ro n  s h e l l .  I f  so ,  then  the  s p e c t r o s c o p i c  f a c t o r  i n d i c a t e s  t h a t  
on ly  39% of  th e  l g ^ ^  s t r e n g t h  i s  c o n ta in ed  t h e r e i n  and o t h e r  s t a t e s  
w i th  th e  same c o n f i g u r a t i o n  must l i e  e l sew here  i n  th e  spec trum.
The i n t e r e s t  in  th e  lo w - ly ing  spect rum i s  th e  f r a g m e n ta t io n  
of  t h e  2p and I f  s i n g l e  p a r t i c l e  s t a t e s  over  a wide energy  r a n g e ,  due 
to  r e s i d u a l  i n t e r a c t i o n s  between th e  seven e x t r a - c o r e  n u c l e o n s .  Com­
b in i n g  th e  s p e c t r o s c o p i c  f a c t o r s  and th e  s p in s  o f  the  s t a t e s  as 
a s s ig n e d  by j - d e p e n d e n c e , a p i c t u r e  o f  the  54Cr ground s t a t e  can be 
c o n s t r u c t e d  and compared wi th  the  n e u t ro n  p ickup r e s u l t s  o f  o t h e r  
a u t h o r s .  In t a b l e  I I I .  12, th e  s p e c t r o s c o p i c  f a c t o r s  f o r  th e  £ = 1 
and £ = 3 l e v e l s  a re  t a b u l a t e d  accord ing  to  th e  p r e d i c t e d  s p i n s ,  
t o g e t h e r  w i th  th e  r e s p e c t i v e  sums. For th e  £ = 1 s t a t e s ,  98% o f  th e  
s t r e n g t h  i s  in c lu d e d  i n  th e  observed  l e v e l s  [Bo65].
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Table I I I . 12
F in a l  s p e c t r o s c o p i c  f a c t o r s  of  £ = 1 and £ = 3 l e v e l s  
cor responding  to j-dependence  s p in  ass ignments
Level
r-HII0*
Level
(MeV)
£ = 3
(MeV)
j = k  j = 3/2 j - 5 / 2  j=7 /2
00
0.58 0.524 0.26
0.245 0.15 0.893 0.19
0.573 0.13 1.229 < 0 .03
1.487 0.38 2.570 0 . 1 1
2.695 0.056 2.622 0 . 1 0
2.905 0.23 3.043 0.086
3.168 0.17
Sum 0.82 0.71 Sum 0.92 < 0.03
I n t e r a c t i o n  between the  p r o to n  and n e u t ro n  s h e l l s  i s  
ignored  and only  the  va lence  neu t ro n s  are co n s id e re d .  Because o f  the  
smal l  t o t a l  I f 7 / 2  s t r e n g t h ,  assumed co n ta in e d  in  the  1.229 MeV s t a t e  
and p o s s i b l y  in  more h ig h l y  e x c i t e d  £ = 3 s t a t e s ,  th e  I f ^ ^  s h e l l  i s  
cons ide red  f i l l e d ,  as expected  in  th e  s h e l l  model.  The s t r i p p i n g  i s  
then  de termined  by the  c o n f ig u r a t i o n s  occupied  by th e  l a s t  two 
n e u t r o n s .  From s h e l l  model c o n s id e r a t i o n s  and from t h e  o b s e r v a t i o n  
[Au70b] o f  p ickup s t r e n g t h  to  2 p ^ ^ >  2p^,  and ^8 9 / 2  s 't a t e s  in
5 3 Cr,  (as w ell  as th e  p r o l i f i c  I f ^ ^  s t r e n g t h ) ,  each o f  th e s e  con­
f i g u r a t i o n s  may be cons ide red  r e p r e s e n t e d  i n  54Cr by th e  l a s t  p a i r  of  
n eu t ro n s  which a re  coupled to  sp in  zero .  The £ = 0 and £ = 2 p ickup 
s t r e n g t h  i s  more l i k e l y  t o  be from 2 s - ld  o r b i t a l s  tha n  3s and 2d, and 
th e  l a t t e r  a r e  n e g l e c t e d ,  as i s  the  h ig h l y  e x c i t e d  I g y ^  s u b - s h e l l .  
The wave f u n c t i o n  may then  be w r i t t e n  as f o l low s  i n  an a b b re v i a te d
but  obvious n o t a t i o n :
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l54Crg.s.> = a ^ 2p3 / 2 ^  + bK2P^ 2^) + cl ( l f 5 / 2 )2 ) + d I ^1 Sg /  2 ^  2 )  »
( I I I . 26)
w h ere | a | 2 + j b }2 + c 2 + | d | 2 = 1 (a) '
■ ( I I I . 27)
and | c | 2 + | d | 2 = | e | 2 (b)
i s  t h a t  f r a c t i o n  o f  th e  s t a t e  which c o n ta in s  no i = 1 n e u t ro n s .  The 
sum r u l e  f o r  s t r i p p i n g  r e a c t i o n s ,  e q u a t io n  ( 1 1 .6 7 ) ,  may be w r i t t e n :
ST = l S®. = T  • . ( I I I . 28)
3 (JB=j) 13 23 + 1 h
TBy summing the  c o n t r i b u t i o n  to  the  s p e c t r o s c o p i c  f a c t o r  sums S. from 
each c o n f i g u r a t i o n ,  one o b t a in s :
S j  = | a | 2 + |e | 2 (a)
S3/2 = ^ l a l2 + lb l2 + le l2 (b) ( I I I . 29)
and ST5/2 = 1 - 1 / 3 1 c | 2 . (c )
The f i r s t  
so lv e d  to
two e q u a t io n s  t o g e t h e r  w i th  e q u a t io n  ( I I I  
g ive :
27) may be
1 a 1 2 = 2 ^  - SV2^ (a)
1b 12 -  1 - s£ (b) ■ ( I I I . 30)
and M 2 = Sl + 2S3/2 - 2 • ( c ) ,
The l a s t  e q u a t io n  y i e l d s  an i n e q u a l i t y  c o n d i t i o n  f o r  t h e  £ = 1 sums:
% + s ‘ /2 > 1 , ( H I . 31)
the  e q u a l i t y  be ing  a p p r o p r i a t e  when | e |  = 0.
The s im p l e s t  assumption o f  th e  s h e l l  model p r e d i c t s  t h a t
Ta = 1 and a l l  o t h e r  ampli tudes  are ze ro .  This  would lead  t o  S, = 1
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and S^ 2  = ^ and th e  r e s u l t s  in  t a b l e  I I I .  12 a re  thus  i n d i c a t i v e  of
Tthe  c o n t r i b u t i o n  from o t h e r  c o n f i g u r a t i o n s .  The v a lu e s  o f  S7 and 
TS^ 2  f rom t h a t  t a b l e  l ead  to th e  fo l low ing  v a lu es
0 ,58 ,  Ib12 = 0.18 and |e 0 .24 .
This shows t h a t  the  pr im ary  c o n f i g u r a t i o n  i s  t h e  ( 2 p ^ 2) 2 in  a g re e ­
ment w i th  th e  s h e l l  model ,  and t h a t  a (2p7) 2 component e x i s t s  of  
about  one t h i r d  th e  s t r e n g t h  o f  th e  fo rmer .  The r e s u l t s  o f  Whi t ten 
[Wh67] and David e t  a l . [Da69], quoted i n  r e f e r e n c e  [Au70b] on th e  
n e u t ro n  p ickup r e a c t i o n s  54C r ( p , d ) 53Cr and 54C r ( 3H e , a ) 53C r , r e v e a l  
th e  p r e s e n c e  of  t h e  (2p^.)2 c o n f i g u r a t i o n  w i th  a s t r e n g t h  r e l a t i v e  to  
C 2 p 2 ) 2 of  30% and 20% r e s p e c t i v e l y ,  in  good agreement w i th  the  
p r e s e n t  r e s u l t s .
From t a b l e  I I I . 12, the  c e n t r o i d  e n e r g i e s  can be c a l c u l a t e d  
u s ing  e q u a t io n  ( 1 1 .6 5 ) ,  and are  found to  be = 0-10 MeV,
E^ = 1.74 MeV and E ^ 2 = 1-80 MeV. The r e l a t i v e  p o s i t i o n s  o f  the  
c e n t r e s - o f - g r a v i t y  of  th e  t h r e e  s i n g l e  p a r t i c l e  l e v e l s  agree  q u a l i t a ­
t i v e l y  w i th  the  c a l c u l a t i o n s  o f  s i n g l e  p a r t i c l e  s t a t e s  i n  t h i s  s h e l l ,  
as f o r  example i n  r e f e r e n c e  [Bo69]. The s p i n - o r b i t  s p l i t t i n g  
A^_^ = - E^ 2  between the  £ = 1 s t a t e s  i s  1.64 MeV and a l s o  agrees
c l o s e l y  w i th  t h a t  measured f o r  nearby  n u c l e i .  A comparison i s  made 
i n  t a b l e  I I I . 13.
Table  I I I . 13
S p in -O rb i t  S p l i t t i n g ,  A, i n  2 p -S h e l l  N ucle i
Nucleus 47Ca 49Ca 51Cr 51Cr 5 3Cr 55Cr 59Ni 61Ni
A (MeV) 1.86 2.03 1.6 1.64 1.68 1.64 1.9 1.2
Reference Be66 Ka64 Ro68a De69a De69a P re s e n t Fu64b Fu64b
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The uncertain spin assignment for the strong 2.905 MeV
level can be checked by observing the effects on the above arguments
of the alternate spin. A spin of 3/2 would change the sums to 
T T= 0.59 and = 0*82 and the configuration amplitudes become
|a|2 = 0.36, Ib12 = 0.41 and | e | 2 = 0.23. The comparable fractions 
of C2p 3 /^2 2 an^ implied in these figures disagrees with the
results of the pickup reactions. Further support for the smaller 
spin comes from the spin-orbit splitting. The centroid energies have 
the new values E^ = 1.28 MeV and E ^ ^  = 0*48 MeV leaving a splitting 
of =0.8 MeV which is in marked disagreement with the other
measurements. To achieve reasonable consistency from the single 
particle strength data, it is thus necessary to assign a spin of 
J = \ to the 2.905 MeV state.
Because of its small spectroscopic factor, similar argu­
ments can not be applied to the 2.695 MeV state, since the results 
are not significantly changed by selecting the alternate spin.
The centroid energies and the spin-orbit splitting depend 
only on the relative spectroscopic factors. On the other hand, the 
configuration amplitudes depend on the absolute values and are con­
sequently subject to large uncertainties. However, if the condition 
expressed in equation (III.25) is forsaken in favour of (say) the 
neutron well geometry of the a parameters, the spectroscopic factor 
sums would be sufficiently reduced to violate the inequality given by 
equation (III.31). Thus the former prescription provides spectro­
scopic factors which are realistic and, moreover, consistent with the 
results of pickup experiments.
Little can be deduced from the spectroscopic factors about 
the Z = 3 levels. An assignment of J = 5/2 for all except the 1.229 
MeV state is consistent with the shell model and provides the funda-
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mental assumption for the form of the wave function in equation
(III»26). Unlike the £ = 1 case, where only little of the strength
was not observed in the current work, Bock et al. [Bo65] reported
three higher £ = 3 states with a total single particle strength of
1.55, which amounts to about one quarter of all £ = 3 strength. If
Tthe three are considered J = 5/2 states, then = 1.18 which
exceeds the maximum possible value of 1.0. The excess may be due to 
errors in the spectroscopic factors but it is also likely that other 
3 = 1/2 states exist and the evidence from the present experiment can 
not definitely rule out the observed states as candidates. The 
J = 5/2 centroid energy will also be increased by the presence of the 
higher states. However, further independent information would be 
required to progress with this investigation.
The most likely spins from shell model, £-values, in­
dependence and spectroscopic factor evidence are summarized for £ = 1 
and £ = 3 states in the level scheme of figure III.25. Also shown 
are the relative strengths of the fragments of the three lowest shell 
model single particle states and the centroid energies. The fragment­
ation increases with the excitation of the state but the centres-of- 
gravity have approximately the correct positions and spacing.
With the spins assigned by j-dependence and the correspond­
ing spectroscopic factors, a consistent picture is thus established 
of the configuration of the 54Cr ground state with the low-lying 
spectrum of 55Cr being built upon it by fragmentation of shell model 
neutron orbitals. Even for such a nucleus, in which there are seven 
valence nucleons so that the residual interactions ought to render 
the simple shell model useless, the extreme single particle model 
successfully and consistently describes an envelope of the spectrum
below 3 MeV.
2p AND If STATES OF 88Cr
X
I (MeV)
Figure I I I . 25:
(a) S ing le  p a r t i c l e  le v e l  p o s i t io n s  in  the  extreme s in g l e ­
p a r t i c l e  model [Bo69].
(b) Experimental c en tro id  energ ies .
(c) Fragmentation of 2p and I f  s t a t e s  in  55Cr; the  hatched 
bars  are  p ro p o r t io n a l  to  the  s in g le  p a r t i c l e  s t r e n g th s .
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CHAPTER IV
THE 54C r ( d , p y ) 55Cr REACTION
I V . 1 EXPERIMENTAL METHOD 
I V . 1.1 Genera l  Procedure
In o rd e r  t o  i n v e s t i g a t e  the  e l e c t r o m a g n e t i c  decay scheme 
o f  low - ly ing  s t a t e s  in  55Cr, th e  r e a c t i o n  54C r ( d , p y ) 55Cr has been 
s t u d i e d .  Because o f  the  h igh  n eu t ron  background,  which i s  c h a r a c ­
t e r i s t i c  o f  r e a c t i o n s  induced by deu te rons  or  h igh  energy  p r o to n s ,  
u s e f u l  in fo rm a t io n  can no t  be gained from s i n g l e s  gamma ray  s p e c t r a .  
I t  i s  n e c e s s a r y  to  impose the  c o n d i t i o n  o f  c o i n c i d e n t  p r o to n  
measurement in  o r d e r  t o  o b ta in  s p e c t r a  which co r respond  t o  even ts  
a s s o c i a t e d  wi th  th e  decay o f  a n a r t i c u l a r  f i n a l  s t a t e .  In t h i s  way, 
th e  decay scheme o f  each l e v e l  can be s t u d i e d  i n d i v i d u a l l y ,  and from 
a l i n e a r  l e a s t  squa res  l i n e  shape a n a l y s i s ,  r e l a t i v e  i n t e n s i t i e s ,  
and hence b ranch ing  r a t i o s ,  can be e x t r a c t e d .
Because o f  the  c lo se  n ro x im i ty  o f  s e v e r a l  o f  th e  s t a t e s  in  
55Cr and the  n a t u r e  o f  the  l e v e l  s p a c in g s ,  many o f  the  gamma ray  
e n e rg i e s  d i f f e r  by as l i t t l e  as 3%. A ccord ing ly ,  a sp e c t ro m e te r  
w i th  comparable energy  r e s o l u t i o n  i s  r e q u i r e d ,  e s p e c i a l l y  as t h e r e  
i s  no o t h e r  i n fo rm a t io n  a v a i l a b l e  to a s s i s t  i n  the  i d e n t i f i c a t i o n  of  
gamma rays  a r i s i n g  from s t a t e s  of  55Cr. The optimum r e s o l u t i o n  
a v a i l a b l e  w i th  N al(T l )  s c i n t i l l a t i o n  s p e c t ro m e te r s  i s  between 7% and 
10% and so ,  d e s p i t e  th e  much s m a l l e r  d e t e c t i o n  e f f i c i e n c y ,  the  
s u p e r i o r  i n t r i n s i c  r e s o l u t i o n  o f  a Ge(Li) d e t e c t o r  i s  p r e f e r a b l e .  
However, such d e t e c t o r s  can s u f f e r  only a r e l a t i v e l y  smal l  i n t e ­
g r a t e d  f a s t  n eu t ro n  dose (< 107 n/cm2) b e fo re  r a d i a t i o n  damage 
causes  r a p id  d e t e r i o r a t i o n  o f  r e s o l u t i o n .  With the  f lu x e s  a n t i c i ­
p a t e d  in  t h i s  exper im en t ,  a damaging dose would be achieved  wel l  
w i th in  the  p e r io d  o f  a t h r e e  day exper im en ta l  run.
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As a compromise, a detector was used which had already- 
undergone considerable exposure. The resolution had deteriorated 
from the original value of 0.3%, to 1-2%; an acceptable level for 
the present measurements.
The primary aim in the design of the experimental arrange­
ment shown in figure IV.1 was to maximize the coincident count rate. 
This may be achieved by increasing the source strength, which is 
determined by the target thickness and incident beam intensity, or 
the geometrical efficiency, which is proportional to the solid 
angles subtended at the target by the sensitive areas of the detec­
tors. The ratio of true coincidence counts to random counts, is 
inversely proportional to the source strength and independent of the 
geometry. Thus it is appropriate to locate the detectors as close 
as practicable to the target and to adjust the source strength to 
provide an acceptable compromise between ideal values of the overall 
coincidence count rate, the true to random ratio and the effects on 
the resolution of a high singles count rate.
IV.1.2 Apparatus
IV.1.2.1 Target Chamber and Beam
The target chamber was designed for the specific purpose 
of simultaneous particle-gamma ray measurements in either a maximum 
geometry configuration or for the determination of angular correla­
tions of the gamma radiation. The chamber, which is shown in 
figure IV.2 and has been described earlier [0p70b] , was constructed 
in a D-shape with a cylindrical face of 0.25 cm thick steel with an 
11.5 cm radius and concentric with the target centre, and a flat 
side of 0.95 cm perspex positioned 1.6 cm from the centre. A rota­
table support permits the mounting of a solid state particle detec­
tor at distances of up to 10 cm from the target, and at a variable
EXPERIMENTAL ARRANGEMENT
4 TO BEAM DUMP 9'
ANNULAR DETECTOR 
MOUNTING DETAIL
Figure IV.1: Schematic representation of the experimental arrangement
employed in the (d,py) experiment.
1. Stainless steel cylindrical wall
2. Tantalum collimators
3. Perspex gamma ray window
4. Foil target
5. Annular detector and mount
6. Lead shielding
7. Ge(Li) gamma ray detector
8. Stainless steel backing 
plate, beam pipe and nozzle
9. Tantalum disc
10. Mylar foil
11. Annular proton detector
12. Tantalum disc
13. Brass holder
+C
-P
lo
n
sl
ee
ve
«
Fi
gu
re
 I
V
.2
: 
D
-s
ha
pe
d 
sc
at
te
ri
ng
 c
ha
m
be
r 
em
pl
oy
ed
 i
n 
th
e 
(d
,p
y)
 
ex
pe
ri
m
en
t.
124
s c a t t e r i n g  angle .
The perspex  window causes minimal a t t e n u a t i o n  o f  low 
energy  gamma rays  and al lows c lose  p r o x im i ty  o f  low e f f i c i e n c y  
d e t e c t o r s  t o  the  t a r g e t .
The beam was ob ta in ed  from the  EN tandem Van de G raa f f  
a c c e l e r a t o r  and adm i t t ed  t o  the  chamber by a s e r i e s  of  tan ta lum  c o l ­
l im a to r s  o f  d ia m e te r s  0 .48  cm, 0.15 cm and 0.23 cm s i t u a t e d  122 cm,
71 cm and 51 cm r e s p e c t i v e l y  from th e  t a r g e t .  The c o l l i m a t i o n  was 
r e q u i r e d  t o  d i r e c t  the  beam through the  a p e r t u r e  in  an annu la r  
p ro to n  d e t e c t o r  w i thou t  s t r i k i n g  the  s t a i n l e s s  s t e e l  p r o t e c t i o n  
p ip e .
The magnitude o f  t h e  background r a d i a t i o n  was observed  t o  
d e c re a s e  as the  d e u te ro n  energy was reduced below the  Coulomb b a r ­
r i e r  o f  th e  h e a v i e r  el ements  ( tan ta lum) p r e s e n t  in  the  c o l l i m a t o r s  
and s t o p s .  S evera l  e n e r g i e s  were s e l e c t e d  n e a r  and j u s t  below the 
Coulomb b a r r i e r  f o r  deu te rons  on 5L+Cr (~ 5 .3  MeV) . The 54C r(d ,p )  55Cr 
c r o s s - s e c t i o n  was observed  to  pass  th rough  a weak maximum n e a r  4.5 
MeV, whereas th e  background remained c o n s t a n t  and a t  an acc e p ta b l e  
l e v e l .  The f i n a l  d a t a  were o b ta in ed  a t  t h i s  energy .
I V . 1 .2 .2  Gamma Ray D e te c to r
The gamma ray  d e t e c t o r  was a l i t h iu m  d r i f t e d  germanium 
c r y s t a l  w i th  40 cc s e n s i t i v e  volume. The c r y s t a l  has  a t r a p e z o i d a l  
c r o s s - s e c t i o n  w i th  t h e  l i t h iu m  c o a x i a l l y  d r i f t e d  l e a v in g  an approx­
im a te ly  c y l i n d r i c a l  r e g i o n ,  which i s  n o t  f u l l y  compensated,  c o ax ia l  
w i th  th e  d e t e c t o r .  The r e s o l u t i o n  o f  t h e  s p e c t r o m e t e r ,  t aken  t o  be 
th e  f u l l  w id th  a t  h a l f  maximum (FWHM) o f  th e  f u l l  energy  peak o f  th e  
1.332 MeV r a d i a t i o n  from 60Co was 16 keV o r  1.2%.
The d e t e c t o r ,  mounted in  a g r a v i t y - f e e d  c r y o s t a t  s t a n d ,  
was p l a c e d  in  c o n ta c t  w i th  the  perspex  f ace  o f  t h e  t a r g e t  chamber so
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that the centre of the crystal was 4 cm from the target, and the 
sensitive area at this distance subtended angles of between 67° and 
113° with respect to the incident beam direction. Walls of lead 
bricks shielded the detector from radiation produced from bombard­
ment of the collimators and beam dump.
IV.1.2.3 Proton Detector
In accordance with the requirements discussed in section 
IV.1, an annular detector at 180° was chosen in preference to a nor­
mal mounting at forward angles for the following reasons:
(i) values of the differential cross-section of the (d,p) transi­
tion to the ground state of 55Cr measured at two forward and two 
backward angles at = 4.5 MeV, showed a forward angle maximum 
characteristic of a stripping mechanism. However, at this low 
energy, the peak cross-section exceeds that near 180° by only a 
factor of 3.5, somewhat lower than the data of the previous chapter 
but in fair agreement with DWBA predictions using average optical 
model parameters. The decrease in cross-section at 180° can thus be 
more than compensated by the greater solid angle obtainable with the 
annular detector;
(ii) kinematic broadening arising from the angular spread assoc­
iated with a large solid angle, is a minimum at 0° and 180°;
(iii) the elastic cross-section, which is dominated by the Ruther­
ford process, is a minimum at 180°; and
(iv) the high yield contaminant groups from carbon and oxygen are 
reduced in energy at the backward angle allowing proton groups up to 
and including the 2.695 MeV state of 55Cr to be observed free of 
contamination.
The counter employed was an ORTEC silicon surface barrier 
annular detector with a sensitive area of 150 mm2 and a depletion
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depth  o f  1000 y. The mounting i s  d e p i c t e d  s c h e m a t i c a l l y  i n  the  i n ­
s e r t  i n  f i g u r e  I V .1 and c o n s i s t s  o f  a s t a i n l e s s  s t e e l  back ing  p l a t e  
and p i p e ,  through which the  i n c i d e n t  beam p a s s e s ,  surmounted by a 
c o n i c a l  nozz le  converging towards the  t a r g e t .  An 8 y t h i c k  Mylar 
f o i l ,  h e ld  in  p l a c e  by the  n o z z l e ,  covered  the  face  o f  the  d e t e c t o r .  
The purpose  o f  the  f o i l  was t o  p r e v e n t  secondary  e l e c t r o n s  from the  
t a r g e t  from r e ac h in g  th e  d e t e c t o r .  The mounting was sandwiched 
between p r o t e c t i v e  ta n ta lu m  c o l l i m a t o r s ,  and f i t t e d  i n t o  a b r a s s  
mount which s l i d e s  f i rm ly  i n t o  the 2.54  cm d ia m e te r  beam p ip e  a t  t h e  
e n t r a n c e  t o  th e  s c a t t e r i n g  chamber. A b r a s s  e x t e n s i o n  t o  the  beam 
p ip e  al lowed the  d e t e c t o r  t o  be p o s i t i o n e d  to  w i t h i n  an in ch  o f  the  
t a r g e t .
The accep tance  a r e a  o f  th e  d e t e c t o r  was d e f in e d  by the  
1.11 cm d ia m e te r  a p e r t u r e  in  the  f r o n t  t a n ta lu m  p l a t e ,  and by the  
o u t e r  d ia m e te r  of  th e  n o z z l e ,  which was 0.55  cm. The p la n e  o f  the  
t a n ta lum  d i s c  was s i t u a t e d  2.54 cm from the  t a r g e t  c e n t r e  so t h a t  
th e  d e t e c t o r  subtended  0.123 s r  and h a l f  ang les  o f  6.25° and 12.6® 
a t  th e  t a r g e t .
The d e t e c t o r  was not  coo led ,  and when f u l l y  d e p l e t e d ,  had 
a r e s o l u t i o n  o f  40 keV fo r  6 MeV p r o t o n s .
I V .1 . 2 .4  Targe t
The t a r g e t  was manufactured  by the  method d e s c r ib e d  in  
s e c t i o n  I I I . 2 . 2 . 3 ,  and c o n s i s t e d  o f  a 50-100 yg/cm2 e n r i c h e d  54Cr 
f o i l  e v a p o ra te d  onto  an e s t im a te d  20 yg/cm2 carbon back ing .  I t  was 
mounted as i n  f i g u r e  I V . 1, a t  an angle o f  45° t o  the  beam d i r e c t i o n  
w i th  the  chromium f o i l  f a c in g  each d e t e c t o r .  Under con t inued  bom­
bardment,  a dark  b u m  mark appeared on th e  t a r g e t ,  i n d i c a t i n g  an 
accumula t ion  of  carbon from the  pump vapou rs .
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I V .1 .2 .5  E l e c t r o n i c s
A block  diagram o f  the e l e c t r o n i c  c i r c u i t  i s  shown in  
f i g u r e  IV .3. The fu n c t i o n s  o f  the  c i r c u i t  were f o u r f o l d :
( i )  t o  ampli fy  and shape the  l i n e a r  energy p u l s e s  from each 
d e t e c t o r ;
( i i )  to  impose energy windows on the  p ro to n  and gamma s p e c t r a ;
( i i i )  t o  g e n e ra te  a t ime coinc idence  c o n d i t i o n  between p u l s e s  from 
th e  d e t e c t o r s ;  and
( iv )  to  reco rd  s i n g l e  pa ram ete r  s p e c t r a  of  th e  p ro to n  and gamma 
ray  e n e r g i e s  and t h e i r  r e l a t i v e  t im in g ,  t h e  dual  p a ra m e te r  c o i n c i ­
dence spect rum and th e  s i n g l e  co inc idence  count  r a t e s .
Following p r e a m p l i f i c a t i o n ,  p u l s e s  from each d e t e c t o r  
e n t e r e d  two d i f f e r e n t  l i n e a r  a m p l i f i e r s .  For t im ing  p u rp o s e s ,  
double d e l a y - l i n e  shap ing  was employed so t h a t  t h e  fo l l o w in g  t iming  
s i n g l e  channel  a n a ly z e r s  (TSCA), by which the  energy  windows were 
imposed,  were t r i g g e r e d  a t  the  c r o s s - o v e r  p o i n t s  o f  t h e  p u l s e s  enab­
l i n g  l e s s  t ime j i t t e r  than  was p o s s i b l e  w i th  le ad ing  edge t iming  
u s ing  the  d i s c r i m i n a t o r  c i r c u i t r y  a v a i l a b l e .  The f a s t  n e g a t i v e  o u t ­
p u t s  ( r i s e - t i m e  < 5 nsec)  o f  the  TSCA's i n  th e  p r o to n  and gamma c i r ­
c u i t s ,  a c ted  as s t a r t  and s top  s i g n a l s  r e s p e c t i v e l y ,  f o r  a time to  
am pli tude  c o n v e r t e r  (TAC); the  stop  p u l s e  be ing  f i r s t  de layed  by 
300 n s e c .  A t ime window, in  which the  t r u e  co inc idence  even ts  
o c c u r r e d ,  was s e l e c t e d  from the  TAC o u tp u t  w i th  an a d d i t i o n a l  TSCA 
t o  s i g n a l  s im ul taneous  s a t i s f a c t i o n  o f  bo th  energy c o n d i t i o n s  and 
th e  t im ing  r e q u i re m en t .  This  output  was used t o  ga te  c o l l e c t i o n  o f  
the  co r respond ing  even t  i n  the  IBM 1800 d a t a  a c q u i s i t i o n  system.
The l i n e a r  energy p u l s e s ,  a f t e r  having been RC shaped and 
a m p l i f i e d ,  p a s sed  th rough  l i n e a r  ga te s  enab led  by th e  s e l e c t e d  TAC 
window. Var ious  de lay  a m p l i f i e r s  ensured  c o r r e c t  t im ing  between the
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Figure IV.3: Block diagram of the electronics employed in the (d,py)
experiment.
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linear and logic signals at each gate. A base-line restorer was in­
serted in the linear gamma ray circuit to remove the undershoot from 
the RC pulses and hence obviate impairment of the resolution at a 
high singles count rate.
IV.1.3 Data
IV.1.3.1 Energy Windows
The region of interest was restricted by two features of 
the gamma ray measurement. The first limitation arose from the 
strong energy dependence of the efficiency of the Ge(Li) detector, 
which, coupled with the smaller ratio of the full energy peak to 
Compton background, made high energy gamma rays more difficult to 
discern. The practical limit was about 2.5 MeV.
The second feature was the deterioration of timing resolu­
tion due to "walk" in the output of the TSCA's. The variation of 
the cross-over point with the pulse height is apparent for large 
dynamic ranges of pulses from the linear amplifiers. For dynamic 
ranges exceeding ~ 15:1, walk became the dominant effect determining 
the timing resolution. Since it was important to include the 0.245 
MeV decay of the first excited state to ground, the gamma ray window 
was set from 0.2 to 3.0 MeV approximately.
To correspond to this range, the proton spectrum was 
required to include groups populating all states of 55Cr up to 3 MeV 
excitation. The 2.905 MeV group coincides in energy with the strong 
12C(d,p0)13C group and so provides a natural boundary to the useful 
part of the spectrum. Since inclusion of the contaminant ground 
state group provides a means of collecting a spectrum of random 
events for background subtraction, the window boundaries were set to 
select the 12C ( d , p o ) 13C and 54Cr(d,pg)55Cr groups, covering an 
energy range from 4.8 MeV to 7.8 MeV.
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IV .1 .3 .2  C a l i b r a t i o n  and R eso lu t ion
By obse rv ing  the s in g l e s  gamma ray  s p e c t r a  from the  
sou rces  ThC", 55Co and 50Co a t  r e g u l a r  i n t e r v a l s  th roughou t  the  run ,  
th e  energy  c a l i b r a t i o n  and r e s o l u t i o n  o f  th e  gamma ray  s p e c t ro m e te r  
were moni to red  f o r  s y s t e m a t i c  or  sudden v a r i a t i o n s .
The p o s i t i o n s  o f  e leven  o f  the  s t r o n g e r  l i n e s ,  t o g e t h e r  
w i th  the  two escape peaks o f  the  2.614 MeV gamma ray  from ThC” , were 
t a b u l a t e d  and used  t o  g e n e ra te  a l i n e a r  c a l i b r a t i o n  f u n c t i o n .  The 
p o s i t i o n s  remained s t a b l e  to  w i th in  l e s s  than  two channe ls  a t  the  
h igh  energy  end of' t h e  spect rum, and t o  w i t h i n  h a l f  a channel  a t  the  
lower e n e r g i e s .  The c a l i b r a t i o n  was l i n e a r  excep t  f o r  th e  lowest  
few channe ls  n ea r  th e  edge o f  the  window such t h a t  the  t r u e  va lue  of  
th e  energy  o f  the  lowest  gamma ray  (0.239 MeV) f e l l  below the  l i n e a r  
f u n c t i o n .  A b e s t  f i t  c a l i b r a t i o n  f u n c t i o n  was found by the  method
of  l i n e a r  l e a s t  s q u a r e s ,  in  which removal of  the  E = 0.239 MeV
Y
p o i n t  reduced th e  va lu e  o f  y2 fo r  a s t r a i g h t  l i n e  f i t  from 7 to  0 .3 .  
The r e s u l t a n t  f u n c t i o n  was:
E = 2.944 (± 0.004) x C + 1 2 5 .7 (± 0 .4 )  keV ( IV .1)
Y
g iv in g  the  gamma ray  energy E^ in  terms o f  t h e  channel  number C. 
F igure  IV .4 shows a c a l i b r a t i o n  spectrum t o g e t h e r  w i th  the  f i t t e d  
l i n e a r  f u n c t i o n .
P r i o r  to  the  commencement o f  th e  r u n ,  optimum r e s o l u t i o n  
was sought  by v a ry in g  RC t ime co n s tan t s  in  the  gamma ray  energy 
a m p l i f i e r  and was found t o  be 15.8 keV f o r  the  1.332 MeV r a d i a t i o n  
from 60Co. During bombardment, the r e s o l u t i o n  d e t e r i o r a t e d  to  20
keV f o r  t h e  E = 1 . 3 3 2  MeV l i n e  and t o  26 keV f o r  E = 2 . 6 1 4  MeV.
Y Y
Under beam c o n d i t i o n s ,  the  r e s o l u t i o n  o b ta in e d  f o r  the  source  
s p e c t r a  could  be m a in ta ined  provided  th e  beam d id  n o t  exceed 30 namp.
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I V . 1 . 3 .3  Timing
The t ime r e l a t i o n s h i p  between the  p r o to n  and gamma ray- 
p u l s e s  i s  exp res sed  by the  TAC s p e c t r a ,  a t y p i c a l  example o f  which 
i s  d i s p l a y e d  in  f i g u r e  IV„5. The spectrum shows a uniform back ­
ground co r respond ing  to  u n c o r r e l a t e d  p a i r s  o f  e v e n t s ,  on which i s  
super imposed a d i s t r i b u t i o n  of  t r u e  c o in c id e n t  even ts  o c c u r r in g  
w i t h i n  a l i m i t e d  t ime range .  The r e s o lv i n g  t ime o f  th e  system i s  
d e f in e d  by th e  FWHM o f  the  co inc idence  peak and has an abnormal ly 
l a rg e  va lue  o f  170 n sec .  This may be p a r t l y ,  a t t r i b u t e d  to  the  walk 
i n  the  TSCA's, b u t ,  as has a l ready  been p o in t e d  o u t ,  r e d u c t io n  o f  
t h e  dynamic range o f  p u l s e  h e ig h t s  from the  gamma t im ing  a m p l i f i e r  
had l i t t l e  e f f e c t  on th e  r e s o lv i n g  t ime.  The p r i n c i p a l  cause  o f  the  
b r e a d t h  and asymmetric shape o f  the co inc idence  peak stems from th e  
charge c o l l e c t i o n  c h a r a c t e r i s t i c s  o f  Ge(Li)  d e t e c t o r s .  Because o f  
th e  low m o b i l i t y  o f  th e  charge c a r r i e r s  in  germanium and the  v a r i a ­
t i o n  i n  the  e l e c t r i c  f i e l d  th roughout the  s e n s i t i v e  volume, a wide 
sp read  of  c o l l e c t i o n  t imes  r e s u l t s ,  g iv ing  r i s e  t o  p u l s e s  o f  g r e a t l y  
v a ry ing  r i s e - t i m e s .  The unusual  shape of  th e  c o a x i a l l y  d r i f t e d  
t r a p e z o i d a l  c r y s t a l  and hence of  the e l e c t r i c  f i e l d  t h e r e i n ,  a ccen ­
t u a t e s  the  t im ing  problem f o r  such d e t e c t o r s .  A f u r t h e r  c o n t r i b u t ­
ing  f a c t o r  i s  r a d i a t i o n  damage s u f f e r e d  by th e  c r y s t a l ,  which i n t r o ­
duces e x t ra neous  t r a p p i n g  c e n t r e s  and so i n c r e a s e s  bo th  th e  energy 
and t im ing  r e s o l u t i o n .  The sharp low-time edge o f  the  peak c o r r e s ­
ponds t o  th o se  gamma ray s  which i n t e r a c t  w ith  t h e  c r y s t a l  c lo se  t o  
t h e  c o l l e c t i o n  t e rm in a l  of  the lower m o b i l i t y  h o l e s .
The co inc idenc e  co n d i t io n  used  to  g a t e  th e  l i n e a r  s p e c t r a  
was o b ta in e d  by p l a c i n g  a window as c l o s e  as p o s s i b l e  around th e  
co inc idenc e  peak.  F igure  IV .5 shows th e  p o s i t i o n  of  t h e  window. 
S ince  the  d i s t r i b u t i o n  o f  random events  i s  c o n s t a n t ,  t h e  t r u e  t o
TI
M
IN
G
 
W
IN
D
O
W
 
31 
ns
ec
 /c
ha
nn
el
SINOOD
C
H
A
N
N
EL
Fi
gu
re
 I
V.
5: 
Sp
ec
tr
um
 o
bt
ai
ne
d 
fr
om
 t
he
 t
im
e-
to
-a
mp
li
tu
de
 c
on
ve
rt
er
 s
ho
wi
ng
 t
he
 p
os
it
io
n 
of
 t
he
 w
in
do
w
ar
ou
nd
 t
he
 r
ea
l 
co
in
ci
de
nc
e 
pe
ak
.
131
random r a t i o  w i th in  the window i s  i n v e r s e l y  p r o p o r t i o n a l  to  the  
r e s o l v i n g  t ime- For th e  example shown, t h e  r a t i o  i s  3 . 3 : 1 ,  so t h a t  
23% of  th e  c o l l e c t e d  events  are random.
I V .1 . 3 .4  MEGA C o l l e c t i o n  System
Because o f  the  la rge  energy range  cons ide re d  in  t h i s  
exp e r im en t ,  the  4096 core l o c a t io n s  a v a i l a b l e  f o r  normal spectrum 
accumula t ion  i n  the  IBM 1800 computer ,  were n o t  adequate  t o  p ro v id e  
s a t i s f a c t o r y  d i s p e r s i o n s  in  both pa ram e te rs  s im u l t a n e o u s l y .  The 
MEGA system p e rm i t s  the  c o l l e c t i o n  o f  d a t a  i n t o  an a r r a y  l i m i t e d  in  
s i z e  only  by th e  b i t  c a p a c i t y  o f  th e  analogue to  d i g i t a l  c o n v e r t e r s ,  
t h a t  i s  t o  s a y ,  i n t o  a 4096 x 4096 channel  a r r a y .  Each even t  i s  
s t o r e d  s e q u e n t i a l l y  as a p a i r  o f  a dd re s se s  which d e f in e  i t s  l o c a t i o n  
in  the  a r r a y .  The huge q u a n t i t y  o f  u n s o r t e d  i n fo rm a t io n  accumula ted  
in  t h i s  way, i s  s t o r e d  d i r e c t l y  onto m agne t ic  s to r a g e  d i s c s  , u s in g  
th e  compute r’ s core memory only  as a temporary  b u f f e r  c o n t a i n i n g ,  in  
th e  p r e s e n t  c a s e ,  100 even t s .
I V . 1 . 3 .5  Data C o l l e c t i o n  and Handling
An a r r a y  o f  512 channels  f o r  p r o to n s  by 1024 channels  f o r  
th e  gamma ray s  was chosen f o r  the  c u r r e n t  measurements ,  g iv ing  d i s ­
p e r s i o n s  o f  approx im ate ly  8 keV/channel  and 3 keV/’channel  r e s p e c t i v e ­
ly .  The t o t a l  q u a n t i t y  of  co inc idence  d a t a  was c o l l e c t e d  over  a 50 
hour  p e r i o d  d u r ing  which 3.3 mcoul of  charge were accumulated  and a 
t o t a l  o f  335,000 even t s  s to r e d .  The d a t a  were then  st reamed v i a  a 
l i n k  t o  permanent  s t o r a g e  on magnetic  t a p e s  on the  ANU computer  
c e n t r e ' s  IBM 360/50 computer .
In o r d e r  t o  reduce MEGA d a t a  t o  a u s e a b le  form, a program 
MEGSAP was w r i t t e n  t o  scan the  e v e n t s ,  t e s t i n g  each t o  de te rmine  
whether  i t  l i e s  w i t h i n  any of  a number o f  s p e c i f i e d  channel  windows
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on e i t h e r  ax i s  o f  the  a r r a y .  By t h i s  means,  s i n g l e  p a r am e te r  
s p e c t r a  a re  c o n s t r u c t e d  of  events  which a re  i n  co inc idenc e  wi th  a 
given energy range o f  the complementary p a r a m e te r .  The s p e c t r a  were 
r e t a i n e d  in  permanent s to r a g e  f o r  subsequent  h and l ing  on the  IBM 
system 360/50,  punched on cards f o r  a n a l y s i s  on the IBM 1800 compu­
t e r ,  l i s t e d  and p l o t t e d .
I V . 1 .3 .6  S p e c t r a
The t o t a l  c o i n c id e n t  p ro ton  spec t rum ,  de te rmined  by s c a n ­
n ing  over  the  e n t i r e  gamma energy r ange ,  i s  shown in  f i g u r e  IV .6.
The ground s t a t e  groups t o  13C and 55Cr,  reduced in  i n t e n s i t y ,  are 
e v i d e n t  co r respond ing  p u r e ly  to  random e v e n t s .  Al l  t h e  o t h e r  s t a t e s  
o f  55Cr up to  2.695 MeV, which were observed  a t  th e  h i g h e r  e n e r g i e s  
s t u d i e d  i n  th e  p re v io u s  c h a p te r ,  aga in  ap p ea r  w i th  approx im ate ly  the  
same i n t e n s i t i e s .  As i s  shown in  f i g u r e  IV .6,  scann ing  windows were 
p la c e d  around each o f  th e  p ro ton  groups i n  o r d e r  to  o b t a i n  t h e  a s s o c ­
i a t e d  spec trum o f  gamma r a y s .  In each o f  th e  t h r e e  i n s t a n c e s  where 
s t a t e s  o f  i n t e r e s t  were n o t  f u l l y  r e s o lv e d  i n  the  p ro to n  spec trum,  
two p a i r s  o f  windows were employed. The f i r s t  in c lu d e d  a d j a c e n t  
channe ls  and so con ta in ed  c o n s id e ra b le  o v e r l a p  o f  g ro u p s ,  whereas 
t h e  second two were narrowed to  the  p o i n t  o f  removing th e  o v e r l a p ­
p ing  ch an n e ls .  A window p la ced  around th e  13C ground s t a t e  p rov ided  
a randoms spec trum. The p resence  of  the  group p o p u l a t i n g  the  2.905 
MeV s t a t e s ,  t o g e t h e r  w i th  o th e r  background,  i s  e s t i m a t e d  to  c o n t r i ­
bu te  app rox im ate ly  2% of  the  spectrum which w i l l  no t  c o n s i s t  p u r e ly  
o f  random e v e n t s .  However t h i s  component was i g n o re d ,  and the  
spectrum was ta ken  to  be r e p r e s e n t a t i v e  o f  t h e  random component form­
ing a background to  each o f  the  r e a l  co in c id en c e  s p e c t r a .
In f i g u r e  I V .7 the  randoms spec trum j u s t  d e s c r ib e d  i s  
p l o t t e d  t o g e t h e r  w i th  the  spectrum o b ta in e d  by summing over a l l
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pro ton  channels excluding the 13C ground s t a t e  group. The l a t t e r  i s  
comprised p r in c ip a l ly  o f  r e a l  coincidence events a sso c ia te d  with a l l  
the  p ro ton  groups leading to  ex c ited  s t a t e s  o f  55Cr. Comparison of 
the  two, shows th a t  the randoms spectrum i s  comprised of s ev e ra l  of 
the  s t ro n g e r  55Cr gamma rays but inc ludes  th re e  s trong  l in e s  from 
o th e r  sources namely = 0.511 MeV a n n ih i la t io n  r a d ia t io n ,
= 0.716 MeV from the  12C (d ,a2) 1°B* r e a c t io n  and E^ = 2.085 MeV 
whose source i s  unknown.
In the  coincidence sp e c tra  a s s o c ia te d  with in d iv id u a l  
s t a t e s ,  the  lev e l  of background i s  such th a t  i t  may account fo r  much 
or even a l l  of the 0.245 MeV and 0.524 MeV r a d i a t i o n s ,  o r  the group 
o f  gamma rays near 0 .3  MeV, a l l  of which are a sso c ia te d  with the 
decay of the  lowest few s t a t e s  of 55Cr. I t  i s  p a r t i c u l a r l y  so in  
the  case of the  more h ig h ly  ex c ited  s t a t e s  where, because of the 
p resence o f  high energy gamma rays which are d e tec ted  with low 
e f f i c i e n c y ,  the  r e l a t i v e  i n te n s i ty  of the  background i s  g re a te r .
To improve the counting s t a t i s t i c s  in  the  s p e c tra  o f  the  
weakly e x c i ted  s t a t e s ,  the  array s ize  of the  gamma ray param eter was 
halved  to  512 channels. This was c a r r ie d  out fo llow ing scanning o f 
the  d a ta  by adding the  con ten ts  of p a i r s  o f  ad jacen t channels.
By considering  the  spectrum as a h is togram  based on r e c t ­
angles cen tred  over the  channel number, the  new c a l i b r a t i o n  func tion  
derived  from equation (IV .1) becomes:
E^  = 5 .8 8 8 (± 0.008) x C + 1 24 .2 (± 0.4) keV. (IV .2)
A d e ta i l e d  d iscu ss io n  of the  in d iv id u a l  s p e c t r a  fo llows in  s ec t io n
IV. 3.
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F igu re  IV .7: S p e c t ra  o f  gamma ra y s  from random and r e a l  co in c id en c e
e v e n ts .  The s o l i d  curves fo l lo w in g  th e  d a ta  a re  to  gu ide  th e  
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IV .2 LINE SHAPE ANALYSIS
I V .2.1 Response o f  Gamma Ray D e tec to rs
The response  o f  a d e t e c t o r  to  i n c i d e n t  r a d i a t i o n  i s  d e t ­
ermined by the  mode o r  modes of  i n t e r a c t i o n  between the r a d i a t i o n  
and d e t e c t o r  m a t e r i a l .  The response f u n c t i o n ,  or  l i n e  shape ,  o f  a 
monochromatic gamma ray  i s  comprised ma in ly  of  c o n t r i b u t i o n s  from 
t h r e e  p r o c e s s e s ;  namely:
( i )  the  p h o t o e l e c t r i c  e f f e c t ,  in  which the  quantum of  e l e c t r o ­
m agnetic  energy i s  conver ted  i n t o  the  e x c i t a t i o n  o r  emission  o f  an 
atomic e l e c t r o n .  All  o f  the  photon energy ( l e s s  t h e  n e g l i g i b l e  
e l e c t r o n  b ind ing )  i s  absorbed and appears  i n  a peak s i t u a t e d  a t  t h e  
f u l l  gamma ray  energy;
( i i )  Compton s c a t t e r i n g ,  which g ives  r i s e  to  a continuum o f  
e n e r g i e s  from zero  t o  a maximum given by:
Emax
1
C I V . 3 )
where E^ i s  the  gamma energy and me2 i s  th e  e l e c t r o n  r e s t  energy .
The d i s t r i b u t i o n  i s  almost  uniform w i th  a s l i g h t  peaking  n e a r  the  
maximum energy which i s  r e f e r r e d  to  as the  Compton edge;
( i i i )  e l e c t r o n - p o s i t o n  p a i r  c r e a t i o n ,  which occurs  only f o r  gamma 
ray  e n e r g i e s  exceeding  2xmc2 = 1.022 MeV. An amount (E - 2xmc2) o f  
k i n e t i c  energy o f  th e  p a i r  i s  c o l l e c t e d  i n  the  d e t e c t o r  f o l lo w in g  
which th e  p o s i t o n  a n n i h i l a t e s  upon i n t e r a c t i o n  w i th  an e l e c t r o n .
Three d i s c r e t e  e n e r g i e s  are then  observed  a t  E , E - me2 and
Y Y
E^ - 2xmc2 co r respond ing  t o  a lo s s  o f  0 ,  1 o r  2 o f  th e  a n n i h i l a t i o n  
p h o to n s ,  r e s p e c t i v e l y  from the  d e t e c t o r  volume. The peaks a t  the  
l a t t e r  two e n e r g i e s  a re  c a l l e d  the  f i r s t  (or  s i n g l e )  escape peak and 
th e  second (o r  double)  escape peak.
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Because o f  the  small  s i z e  o f  a v a i l a b l e  Ge(Li)  d e t e c t o r s ,  
th e  c o n t r i b u t i o n  of  second o rd e r  p ro c e s s e s  such as double  Compton 
s c a t t e r i n g ,  or  Compton s c a t t e r i n g  of  the  a n n i h i l a t i o n  gamma r a y s ,  i s  
s m a l l e r  than f o r  N a l ( T i ) ,  b u t ,  even so ,  a l a rg e  p o r t i o n  o f  the  f u l l  
energy  peak i s  comprised o f  m u l t i p l e  Compton s c a t t e r i n g  events» 
Secondary i n t e r a c t i o n s  a l so  account  f o r  some l e s s  conspicuous  
f e a t u r e s  o f  the  l i n e  shapes such as the p a r t i a l  f i l l i n g  o f  the  v a l ­
ley  s e p a r a t i n g  the  f u l l  energy peak and Compton edge,  th e  d i s t o r t i o n  
of  the  l a t t e r ,  and the  b a c k s c a t t e r  peak.
IV .2.2 A nalys is  o f  th e  S p e c t r a
The e x t r a c t i o n  of  gamma ray i n t e n s i t i e s  from a measured 
spec trum i s  r ende red  d i f f i c u l t  by the  complex ity  o f  the  d e t e c t o r  
r e s p o n s e .  With th e  u su a l  h igh  r e s o l u t i o n  of  Ge(Li)  d e t e c t o r s ,  i t  i s  
in  p r i n c i p l e  p o s s i b l e  t o  i n t e g r a t e  the  f u l l  energy  peaks  and employ 
measured va lues  o f  the  peak t o  t o t a l  a r e a  r a t i o .  Owing to  the  low 
s t a t i s t i c s  encoun te red  in  co inc idence  s p e c t r a ,  t h e  s t a t i s t i c a l  un ­
c e r t a i n t y  on the  a r e a  o f  the  f u l l  energy peak i s  l a r g e .  In the 
method o f  l i n e  shape a n a l y s i s ,  in  which the  s p e c t r a  a re  s y n th e s i z e d  
from l i n e  shapes gen e ra ted  f o r  each component gamma r a y ,  th e  s t a t i s ­
t i c a l  e r r o r  a r i s e s  from the  t o t a l  a r e a  o f  the  l i n e  shape and the  e x ­
t r a c t e d  i n t e n s i t i e s  a re  c o r re spond ing ly  more a c c u r a t e .
One method o f  per fo rming  a l i n e  shape a n a l y s i s  i s  t o  pe e l  
each c o n s t i t u e n t  l i n e  from th e  spect rum, commencing w i th  th e  h i g h e s t  
energy  component,  and a d j u s t i n g  the i n t e n s i t y  to  remove th e  f u l l  
energy  peak which i s  i s o l a t e d  from the t a i l s  o f  the  o t h e r  components.  
The a l t e r n a t i v e  method,  which was employed in  th e  p r e s e n t  a n a l y s i s ,  
i s  t o  per fo rm a l i n e a r  l e a s t  squares  f i t  of  t h e  component l i n e  
shapes to  the  spec trum. In s p e c t r a  c o n ta in in g  cascade gamma r a y s ,  
c o n t r i b u t i o n s  a r i s e  from the  s im ul taneous  d e t e c t i o n  o f  two (or  more)
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of  th e  cascade members. However, the  p r o b a b i l i t y  of  such summed 
ev e n t s  i s  reduced r e l a t i v e  to  s i n g l e  even ts  by the d e t e c t i o n  e f f i c ­
iency  and so they  c o n t r i b u t e  n e g l i g i b l y  to  Ge(Li) s p e c t r a .
IV .2 .3  Measurement o f  Standard Line Shapes
To measure the  l i n e  shape o f  a gamma r a y ,  uncontamina ted  
monochromatic r a d i a t i o n  i s  r e q u i r e d  from a n a t u r a l  r a d i o a c t i v e  
source  o r  r e a c t i o n ,  which must p rov ide  only the  s i n g l e  gamma r a y ,  or  
a pa r t i c le -g am m a o r  gamma-gamma cascade to  which co inc idence  t e c h ­
n iques  may be a p p l i e d .
Because o f  the dependence on the  d i s t r i b u t i o n  and c a p tu re  
p r o b a b i l i t y  o f  such secondary  r a d i a t i o n  as the  a n n i h i l a t i o n  or  Comp­
ton  s c a t t e r e d  gamma rays ,  the  l i n e  shape i s  s e n s i t i v e  to  the  r e l a t i v e  
geometry o f  the  s o u r c e ,  c o l l i m a t i o n  and d e t e c t o r .  I t  i s  d e s i r a b l e  
to  rep roduce  the  exper im en ta l  arrangement in  terms of  geometry,  
source  s t r e n g t h  and the  amount of  a b s o r p t i v e  m a t e r i a l  between the  
source  and d e t e c t o r .
Following c o l l e c t i o n  o f  s u f f i c i e n t  d a t a  to  reduce s t a t i s ­
t i c a l  v a r i a t i o n  t o  an a c c e p ta b l e  l e v e l ,  or  a t  l e a s t  t o  the  p o i n t  
where the  f l u c t u a t i o n s  can be a r t i f i c i a l l y  smoothed,  background i s  
measured and s u b t r a c t e d .  The background may a r i s e  from ev e r  p r e s e n t  
n a t u r a l  room r a d i a t i o n ,  o r  where a resonance  r e a c t i o n  p rov ided  the  
l i n e  shape ,  from the  u n d e r ly in g  non-resonance  c o n t r i b u t i o n  which can 
be measured by changing the  beam energy to  move j u s t  o f f  re sonance .
On the  f l a t  Compton t a i l ,  s t a t i s t i c a l  v a r i a t i o n  or  o t h e r  
ex t ra n eo u s  i r r e g u l a r i t i e s  may be reduced by p r o j e c t i n g  an averaged 
va lue  over  th e  r e g io n .  I t  i s  u s u a l l y  n e c e s s a r y  to  e x t r a p o l a t e  the  
lowest  channe ls  in  t h i s  way.
As was the  case fo r  the  p r e s e n t  exp e r im en t ,  i t  may be 
n e c e s s a r y  to  a d j u s t  the  r e s o l u t i o n  of  a measured l i n e  to  t h a t  used
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in  the  a c t u a l  d a t a .  When the r e s o l u t i o n  of  a d e t e c t o r  d e t e r i o r a t e s ,  
th e  r e l a t i v e  p o p u la t i o n s  of  the c o n s t i t u e n t  peaks and t a i l s  o f  th e  
l i n e  shape do no t  change s i g n i f i c a n t l y .  The e f f e c t s  may thus  be 
s im u la te d  by f o ld i n g  i n t o  the spectrum a Gaussian f u n c t i o n  to  r e ­
d i s t r i b u t e  the  counts in  each channel  over  a range  a d j u s t e d  to  match 
th e  r e q u i r e d  r e s o l u t i o n .
For the  purposes  of  the  p r e s e n t  a n a l y s i s ,  two l i n e  shapes  
o f  conven ien t  energy which had p r e v i o u s l y  been measured f o r  th e  40 
cc Ge(Li) d e t e c t o r  by r e a c t i o n s  per formed w i th  th e  2 MeV AK Van de 
G ra a f f  a c c e l e r a t o r  [Hu69b] were used .  The 2.367 MeV s t a t e  in  13N i s  
p o p u la te d  by a s t r o n g  resonance  in  the  r e a c t i o n  12C ( p , y ) 13N a t
= 440 keV and s ubse quen t ly  decays 100% t o  th e  ground s t a t e  o f  13N 
which undergoes  3+ emission  to  the  m i r r o r  n u c leu s  13C. The 2.367 
MeV gamma ray  i s  observed to g e t h e r  with  0.511 MeV r a d i a t i o n  which i s  
s i t u a t e d  on the  f l a t  Comnton t a i l  and hence may be removed w i th o u t  
d i s t o r t i n g  the  e s s e n t i a l  shape.
The second l i n e  shape was p ro v id ed  by the  2 7A 1 (p ,y )28Si 
r e a c t i o n  a t  t h e  = 0.992 MeV resonance  which p o p u la t e s  the  12.55 
MeV s t a t e  o f  28S i .  The decay goes p r i m a r i l y  th rough  t h e  1.777 MeV 
f i r s t  e x c i t e d  s t a t e  and th e  gamma ray  o f  t h a t  energy appears  as the  
s t r o n g e s t  component of  the  r e s u l t a n t  spec trum and i s  i s o l a t e d  excep t  
f o r  t h e  Compton t a i l s  o f  the  h ig h e r  energy l i n e s .  The l i n e  shape i s  
o b ta in e d  by s u b t r a c t i o n  o f  a f l a t  background.
Both o f  the  above l i n e  shapes were broadened b e fo re  u s e ,  
to  the  r e s o l u t i o n  o f  the  d e t e c t o r  measured a t  th e  t ime o f  the  e x p e r i ­
ment .
All  o t h e r  l i n e  shapes were measured from r a d i o a c t i v e  
s o u r c e s ,  which were p la ced  in p o s i t i o n s  approx im at ing  the  e x p e r i ­
mental  t a r g e t - d e t e c t o r  geometry.  The t h r e e  s ou rces  bL+Mn (278 days)  ,
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13 7Cs (30 y ea r s )  and 5 i Cr (27 days)  p rov ide  s i n g l e  gamma rays  of  
e n e r g i e s  835 keV, 662 keV and 320 keV r e s p e c t i v e l y .  The f i r s t  two 
s ou rces  were ob ta in ed  commercial ly but  the  3 iCr was p r e p a re d  by bom­
b a rd in g  V2O5 powder with  p ro tons  o f  about 6 MeV energy from the EN 
tandem a c c e l e r a t o r .  A f t e r  about one hou r ,  th e  beam was removed and 
the  source  l e f t  f o r  24 hours to  al low the  s h o r t  l i v e d  p ro d u c t s  to  
decay ,  le av ing  only  51Cr which decays by e l e c t r o n  cap tu re  t o  the  
ground (91%) and 320 keV f i r s t  e x c i t e d  s t a t e  (9%) o f  51V. For each 
s o u r c e ,  a s i n g l e s  spectrum was o b t a in e d ,  and fo l lowed  immedia te ly  by 
a measurement of  room background.
The f i n a l  two l i n e s  were ob ta ined  from the  commercial 
s ou rces  22Na (2 .6  y e a r s )  and 60Co (5 .3  y e a r s ) .  The former decays t o  
the  1.227 MeV f i r s t  e x c i t e d  s t a t e  o f  22Ne, 90% by 6+ em iss ion  and 
10% by e l e c t r o n  cap tu re  r e s u l t i n g  in  s im ul taneous  em iss ion  o f  gamma 
rays  o f  e n e rg i e s  = 0.511 MeV ( a n n i h i l a t i o n  o f  B+) and 1.227 MeV. 
By coun t ing  co inc idence  events  between the  Ge(Li)  c r y s t a l  and a 
N a l (T l )  d e t e c t o r ,  t h e  l a t t e r  windowed over th e  f u l l  energy  peak of  
th e  1.227 MeV l i n e ,  a pure  E = 0.511 MeV l i n e  shape was o b ta in e d .
A cascade o f  gamma rays o f  e n e r g i e s  1.173 MeV and 1.332 
MeV fo l low s  the  3 decay o f  60Co to  the 2.505 MeV second e x c i t e d  
s t a t e  o f  60Ni.  Again,  by windowing over  the  f u l l  energy  peak o f  th e  
h i g h e r  energy (1.332 MeV) l i n e ,  in  a N al (T l )  d e t e c t o r ,  a co inc idence  
spect rum was o b ta in e d  which con ta ined  a p u re  l i n e  shape of  the  
E = 1 . 1 7 3  MeV gamma ray .
The co inc idenc e  system used  f o r  t h e s e  measurements was 
e s s e n t i a l l y  the  same as t h a t  d e s c r ib e d  in  s e c t i o n  I V . 1 . 2 . 5 .  Back­
ground s p e c t r a  were ob ta ined  by moving the  TAC window o f f  t h e  c o i n ­
c idence  peak and c oun t ing  f o r  a p e r io d  comparable t o  the  p r im ary
measurements .
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Each l i n e  shape was c a l i b r a t e d  a t  the  t ime o f  measurement 
by comparison wi th  a source of  known gamma r a y s  over  th e  energy 
r ange ,  such as th e  spectrum from ThC". The ga ins  and zero  p o s i t i o n s  
o f  t h e  measured l i n e s  were then a d ju s t e d  t o  th e  v a lu e s  o f  th e  2.367 
MeV spect rum. In each case ,  the  s p e c t r a  were measured w i th  ga ins  
exceeding  the  r e q u i r e d  f i n a l  v a l u e ,  s in c e  a r t i f i c i a l  ga in  i n c r e a s e s  
may d i s t o r t  the  spec trum i f  the  f a c t o r  i s  e x c e s s iv e  (> 2 [0p70a]) .
IV .2 .4  I n t e r p o l a t i o n
Two methods are commonly employed to  g e n e r a t e  a component 
o f  r e q u i r e d  energy from a measured s e t  of  l i n e  shapes .  The f i r s t ,  
developed  by Ferguson [Fe62] , invo lves  f u n c t i o n a l  r e p r e s e n t a t i o n  of  
the  s p e c t r a  in  terms of  many param ete rs  (40 in  [Fe62]) f o r  which the  
energy v a r i a t i o n  i s  determined from the  s e v e r a l  f i t t e d  l i n e s  and s ub ­
s e q u e n t l y  used to  ge n e ra te  a l i n e  o f  any energy in  or  n e a r  the  range  
covered.
In the  second method, used in  the  p r e s e n t  a n a l y s i s ,  each 
measured l i n e  shape ,  fo l lowing  background s u b t r a c t i o n ,  smoothing and 
b roaden ing  where n e c e s s a r y ,  i s  a d ju s t e d  t o  the  same g a i n ,  and r e ­
t a i n e d  in  s p e c t r a l  form. Linear  i n t e r p o l a t i o n  between l i n e s  a d j a c e n t  
in  energy  p ro v id e s  th e  spectrum r e p r e s e n t i n g  an i n t e r m e d i a t e  l i n e  
shape.  Because o f  th e  slow v a r i a t i o n  wi th  energy  o f  the  r e l a t i v e  
p o s i t i o n s  o f  th e  g ross  f e a t u r e s  of  the  l i n e s ,  s imple l i n e a r  i n t e r ­
p o l a t i o n  has proven  t o  be adequa te ,  p rov ided  th e  energy i n t e r v a l s  
between measured l i n e s  are not  too  l a rg e  [Hu69a]. For e n e rg i e s  below 
about  1 MeV, th e  Compton edge and b a c k s c a t t e r  peak change r a p i d l y  
w i th  energy ,  n e c e s s i t a t i n g  measurement o f  s e v e r a l  c l o s e l y  spaced 
l i n e s .  S i m i l a r l y ,  n e a r  3 MeV, the h e i g h t s  o f  th e  escape  peaks are 
a l s o  s e n s i t i v e  t o  t h e  gamma energy.
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The d e t a i l s  of  the i n t e r p o l a t i o n  p ro c e s s  a re  as f o l lo w s :
( i )  a d j u s t  the  ga ins  to  move th e  f u l l  energy  peak p o s i t i o n s  t o  an 
i n t e g r a l  channe l;
( i i )  t r a n s l a t e  and normal ize the  lower energy  l i n e s  so t h a t  the  
peak channe ls  a re  a l ig n ed  and co n ta in  equal  co u n t s ;
( i i i )  assume a l i n e a r  dependence between th e  c o n te n t s  y o f  a channel  
and th e  energy E o f  the  l i n e  and hence de te rmine  each channe l  count  
o f  t h e  i n t e r p o l a t e d  spectrum by the  fo l low ing  r e l a t i o n :
y - y
y = y x + x (E - Ej ) ;  CIV.4)
( iv )  t r a n s l a t e  the  new spectrum to  the  c o r r e c t  energy ;  and
(v) change i t s  ga in  to  t h a t  o f  th e  e x p e r im en ta l  spect rum.
I f  th e  r e q u i r e d  energy f a l l s  o u t s id e  the  range of  measured l i n e  
shapes ,  e x t r a p o l a t i o n  from the n e a r e s t  two e n e r g i e s  r e p l a c e s  i n t e r ­
p o l a t i o n  s t e p  ( i i i ) .
IV .2.5 Leas t  Squares  F i t t i n g
I t  i s  now r e q u i r e d  to  f i t  the  spec trum {x^} by a s e t  (y^> 
of  l i n e a r  combinations  o f  the  l i n e  shapes { f ^ } ,  where the  index 
i  = 1 t o  N r e p r e s e n t s  the  channel  number and j = 1 to  M r e p r e s e n t s  
th e  component number. The f i t t e d  spectrum i s  g iven  by:
y fu ( IV .5)
and th e  b e s t  f i t  c r i t e r i o n  i s  to  minimize the  q u a n t i t y :
The programs used t o  perform the  p r e p a r a t i o n  and i n t e r p o l a t i o n  of  
th e  l i n e  s hapes ,  and the  subsequen t  l e a s t  squa res  f i t t i n g  were 
developed  by Ophel and have been d e s c r ib e d  e lsewhere  [0p70a ] .
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N
A = I (y. - x ) 2 w , ( IV .6)
i = l
where th e  are weight ing  f a c t o r s .  The c o n d i t i o n  f o r  m in im iza t io n  
i s :
3 A
3a,k wi Cyi xi )
0 , ( I V . 7)
i . e.
N
l
i  = l
a. 0 ( I V .8)
f o r  each va lue  o f  k.  Equation (IV. 8) may be w r i t t e n  i n  m a t r i x  form 
by:
FTW(FA - X) = 0 , ( IV .9)
where X and A are column v e c t o r s  of  o r d e r  N comprised o f  t h e  s e t s
( x . )  and {a^} and F i s  l ikew ise  an N x M m a t r ix  o f  the  s e t
The N x N square  m a t r ix  W i s  d iagona l  i n  the  w eigh ts  w . .
TIn terms o f  the  normal m a t r ix  P = F WF and the  a s s o c i a t e d  
Tm a t r ix  Q = F WX, equa t ion  ( IV.9) becomes:
PA = Q CIV.10)
and f o r  a n o n - s in g u la r  normal m a t r ix ,  th e  c o e f f i c i e n t s  {a^} a re  
given by:
A = P“ 1 Q . ( I V .11)
The exac t  s o l u t i o n  (equa t ion  ( I V . 11)) depends on th e  
cho ice o f  w eigh t ing  f a c t o r s .  The common choice  o f  th e  i n v e r s e  o f  
the  v a r i a n c e s  in  the  channel  con ten ts  x ^ , i . e .  w^ = 1 /x^ ,  has  the
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advan tage t h a t  the  m a t r ix  P“ 1 c o n ta in s  th e  v a r i a n c e s  and c o -v a r i a n c e s
of  the  c o e f f i c i e n t s  a^ in  th e  d ia g o n a l  and o f f - d i a g o n a l  elements  
r e s p e c t i v e l y  [F e65] .
IV .3 RESULTS
I V .3.1 T o ta l  I n t e n s i t i e s
The a re a  o f  the  f u l l  energy peak o f  each f i t t e d  component 
i s  found by a d j u s t i n g  th e  width  o f  a Gaussian  f u n c t i o n  s i t u a t e d  
e x a c t l y  a t  the  peak p o s i t i o n ,  u n t i l  t h e  sum o f  the  squared  d e v i a t i o n s  
i s  minimized.  The a r e a  o f  the  b e s t  f i t  Gaussian  peak i s  taken  t o  be 
the  f u l l  energy y i e l d .
By assuming an i s o t r o p i c  d i s t r i b u t i o n  from the  t a r g e t ,  th e  
r e l a t i v e  i n t e n s i t y  o f  each l i n e  i s  found from th e  measured v a lu es  o f  
th e  r e l a t i v e  f u l l  energy peak e f f i c i e n c y  of  th e  d e t e c t o r ;  i . e .  th e  
f r a c t i o n  o f  the  t o t a l  y i e l d  which appea rs  i n  th e  f u l l  energy  peak o f  
the  l i n e  shape.  As a s e n s i t i v e  f u n c t i o n  o f  gamma ray  energy and the  
p a r t i c u l a r  d e t e c t o r ,  th e  e f f i c i e n c y  may i n  p r i n c i p l e  be c a l c u l a t e d  
from t h e  a t t e n u a t i o n  c o e f f i c i e n t s  o f  t h e  d e t e c t o r  c o n s t i t u e n t  m a t e r ­
i a l s  and th e  exac t  c r y s t a l  geometry.  However, f o r  the  complex shape 
adopted  by c o a x i a l l y  d r i f t e d  t r a p e z o i d a l  d e t e c t o r s ,  c a l c u l a t i o n  i s  
i m p r a c t i c a l .
The e f f i c i e n c y  has been measured u s in g  s ou rces  o f  m u l t i p l e  
r a d i a t i o n  w i th  known r e l a t i v e  i n t e n s i t i e s  below about 1.5 MeV by 
Black e t  a l .  [B169] and above 0.5 MeV by Huang [Hu69b]. The measure ­
ments ,  r e l a t i v e l y  no rm al ized  over  t h e  common energy r a n g e ,  have been 
p l o t t e d  in  f i g u r e  I V . 8.
IV .3.2 E r ro r s
The p r e s e n t  a n a l y s i s  was performed u s in g  equal  weights  in  
o r d e r  t h a t  th e  channe ls  w i th  low counts  would be o f  equa l  importance
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to those at low energies with higher yields. As a result, the errors
(P-1).. in the coefficients a. are not statistical variances but 
JJ J
nevertheless do express the uncertainties, which arise under the 
assumption of equal channel weights. The quality of the fit is 
incorporated into the errors by multiplying them by the quantity:
X2 = >T¥ j, (yi - V 2/Xi (IV. 12)1=1
which is distributed about a mean value of unity. Because of the 
equal weighting, x2 is more sensitive to the fit at low energies 
than would normally be the case; a fact which was reflected in the 
observed dependence of x2 on the lower limit of the fitted region, 
whereas the coefficients a_. proved fairly stable.
The errors from the fitting procedure ignore major contri­
butions which result from the method of generation of the components. 
Some of the sources are:
(i) measurement of the standard lines under conditions which 
differ from the experiment;
(ii) removal of background and contaminant lines;
(iii) adjustments to the measured shapes from smoothing, gain 
stretching and broadening; and
(iv) linear interpolation.
The first three contributions are minimized at the time of the prep­
aration of the standard lines by careful selection of the source 
strength, geometry, dispersion, etc., and can be kept quite low.
The last of the four points, that of energy interpolation, 
introduces an uncertainty which is difficult to assess. Quality of 
the fit is more dependent on characteristics, such as the height of 
the Compton tail, than, say, the exact shape of the backscatter peak
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or Compton edge, and so, the effects of distortion of the component 
line shapes, caused by linear interpolation, are unpredictable. In 
order to make an estimate, distortion of the lowest energy, and 
separately, the highest energy components of the fit to the spectrum 
of the 1.487 MeV level, was introduced by interpolating between 
lines well separated in energy. It was found that, in both cases, 
the coefficient of the "distorted" component changed by ~ 15%, while 
the other coefficients varied by up to 7%. The value of x2 changed 
insignificantly.
Other sources of error stem from overlapping or unknown 
components; full energy peak integration; variable background; 
and anisotropic gamma ray distributions.
It is thus felt that an uncertainty of 20% is appropriate 
for the extracted intensities, and hence, the branching ratios of 
the decay scheme.
IV.3.3 Decay Scheme
The spectrum of each of the more strongly populated levels 
was examined to determine which gamma rays were present, identify 
them in terms of either the background radiation or transitions 
between levels of 55Cr and hence determine the various decay 
branches. A fit was then performed incorporating the observed com­
ponents and the background spectrum. Limits of the fitted region 
were chosen immediately below the full energy peak of the 0.245 MeV 
component to just above the highest full energy peak. It was some­
times necessary to compare several fits because of doubt associated 
with the occurrence of a weak component, or more often, because of 
the presence of the 0.245 MeV and 0.524 MeV radiation in the randoms 
spectrum.
For the levels above 2 MeV excitation, the higher energy
14S
transitions to the ground and 0.245 MeV states appeared very weakly 
(if at all) because of the low detection efficiency. Where such 
gamma rays could not be discerned, an upper level to their intensity 
was provided by the statistical uncertainty in the region of the 
spectrum where the full energy peak would occur.
A description of the decay of each state is given below. 
Gamma ray spectra associated with the proton energy windows dis­
played in figure IV.6, are plotted in figure IV.9 together with the 
final fitted spectra, and showing the primary transitions from the 
state in question. The code labelling the various gamma rays is ex­
plained in table IV.1, and in table IV.2 are listed the components 
observed for each state, the intensities, branching ratios and ex­
pected radiation modes of the primary transitions. Only fitted com­
ponents are so labelled, while any peaks arising purely from the 
background spectrum are marked with an X.
Where a high energy transition is expected but no peak is 
observable, an upper limit on the intensity has been estimated in 
the manner described above, and recorded in table IV.2. The branch­
ing ratios are normalized to 100% for the sum of observed branches 
only.
IV.3.3.1 The 0.245 MeV Level
As expected, the spectrum is comprised solely of the 0.245 
MeV line and is of interest because it provides an undistorted view 
of this important component which was derived from extrapolation from 
the standard lines at 0.320 MeV and 0.511 MeV. The background is of 
low intensity in this spectrum.
IV.3.3.2 The 0.524 MeV Level
Only the ground state decay was observed, and, again, the
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Table I V . 1
Gamma ray  t r a n s i t i o n s  observed  in  the  p r e s e n t  exper iment from 
s t a t e s  up t o  2.695 MeV e x c i t a t i o n  in  55Cr. The a l p h a b e t i c  
code in  the  f i r s t  column i s  used  t o  l a b e l  gamma ray s  in  the 
s p e c t r a  d i s p l a y e d  i n  the  f i g u r e s .
Code T r a n s i t i o n E (MeV) 
Y
A 0.245 -* 0 0.245
B 0.524 + 0 0.524
C 0.573 + 0 0.573
D 0.573  + 0.245 0.328
E 0.893 -v 0 0.893
F 0.893 + 0.524 0.369
G 0.893 + 0.573 0.320
H 1.229 + 0 1.229
J 1.229 -* 0.524 0.705
K 1.229 + 0.893 0.336
L 1.487 -v 0 1.487
M 1.487 + 0.245 1.242
N 1.487 + 0.573 0.914
P 2.031 -* 0 2.031
Q 2.031 + 0.573 1.458
R 2.031 ■> 1.135 0.896
S 2.098 -> 1.135 0.963
a 1.135 + 0.524 0.613
b 2.098 + 1.229 0.869
c 2.283 -> 0 2.283
d 2.283 + 0.245 2.038
e 2.283 + 0.573 1.710
f 2.570 + 0 2.570
g 2.570 -> 0.524 2.056
h 2.570 0 .893 1.677
j 2.570 + 1.229 1.341
k 2.622 0 2.622
1 2.622 + 0.524 2.098
m 2.695 0 2.695
n 2.695 -> 0.245 2.450
P 2.695 + 0.524 2.171
q 2.695 + 0.573 2.122
X Background r a d i a t i o n
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Figure IV.9a: Coincidence gamma ray spectra associated with the decay
of individual levels of 55Cr. The solid curves are the results of 
a line-shape analysis.
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q u a l i t y  o f  th e  i n t e r p o l a t e d  l i n e  shape can be seen .  S ince  no gamma 
ray  can be e x p la in e d  a t  th e  p o s i t i o n  o f  th e  Compton edge o f  the  
0.524 MeV l i n e ,  i t  appears  t h a t  t h i s  f e a t u r e  i s  u n d e re s t im a te d  in  
th e  g en e ra l  l i n e  shape. No change was observed  in  th e  shape o f  the 
spectrum  summed o ver  th e  narrow window so t h a t  no s i g n i f i c a n t  con­
ta m in a t io n  a r i s e s  from th e  0 .573  MeV spectrum .
IV .3 .3 .3  The 0.573 MeV Level
The fo u r  p rom inen t components in  th e  spectrum  a re  a s s o c ­
i a t e d  w ith  decay o f  th e  0.573 MeV to  ground and to  th e  f i r s t  e x c i te d  
s t a t e ,  and th e  0.524 MeV to  ground. Comparison o f  th e  s p e c t r a  from 
th e  f u l l  and narrow windows shows t h a t  th e  l a s t  gamma ray  a r i s e s  
p r i n c i p a l l y  from c o n tam in a t io n  from th e  0.524 MeV spectrum . F u r th e r  
more, the  rem anent i n t e n s i t y  in  th e  narrow window cannot be complete 
ly  accounted  f o r  by th e  background spectrum . The g r e a t e r  con tam ina­
t i o n  in  t h i s  spectrum  as compared to  t h a t  o f  th e  0.524 MeV s t a t e ,  
r e s u l t s  from th e  skewness o f  the  p ro to n  p e a k s ,  such t h a t  th e  low 
energy t a i l  o f  th e  u p p e r  member o f  each d o u b le t  p e n e t r a t e s  th e  a r e a  
o f  th e  o th e r .  A 0 .573  + 0.524 t r a n s i t i o n  i s  s e v e re ly  i n h i b i t e d  
because  o f  th e  low en e rg y ,  and i t  i s  assumed t h a t  background p lu s  
con tam in a tio n  accoun ts  f o r  th e  f u l l  i n t e n s i t y  o f  th e  0.524 MeV l i n e .  
The peak a t  0 .380 MeV co rresp o n d s  to  th e  p o s i t i o n  o f  th e  Compton 
edge o f  th e  0 .573  MeV l i n e  and th e  in a d e q u a te  f i t  i s  c o n s i s t e n t  w ith  
th e  e a r l i e r  o b s e r v a t io n s .
IV .3 .3 .4  The 0.893 MeV Level
The spectrum  can be u n d ers to o d  in  term s o f  decay to  th e  
ground, 0.524 MeV and 0 .573  MeV s t a t e s .  'The f i t  d is p la y e d  c o n ta in s  
f i v e  components s in c e  th e  l i n e s  a s s o c ia t e d  w ith  th e  minor branch  o f  
th e  in te rm e d ia te  0 .573  MeV s t a t e  were n o t  observed . The f i t t i n g
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procedure rejected inclusion of the 0,328 MeV transition (0.573 -* 
0.245) while the background spectrum accounted for more of the 0.245 
-* 0 than was actually present.
IV.3.3.5 The 1.229 MeV Level
Although this state is weakly populated and the spectrum 
is poor statistically, gamma rays were observed which indicate decay 
to the ground, 0.893 and 0.524 MeV states. Two strong lines at 
0.639 and 0.846 MeV were also seen and cannot be fitted into the 
55Cr decay pattern. One possible explanation is that the 0.846 MeV 
ray is a component of the cascade from the 1.559 MeV state in 52V, 
populated by the reaction 54Cr(d,a)52V. The kinematics and gamma 
ray energy are consistent with such an explanation but the (d,ct) 
cross-section is expected to be low at this energy because of the 
Coulomb barrier in the outgoing channel and further, from the branch­
ing in 52V, as reported by Archer and Kennett [Ar67], lines at 0.713, 
0.823 and 1.559 MeV ought to be observed also.
IV.3.3.6 The 1.487 MeV Level
This level presents no problems and the spectrum is well 
fitted with lines stemming from the decay to ground, 0.245 and 0.573 
MeV. The 0.524 MeV line is accounted for adequately by the back­
ground.
IV.3.3.7 The 2.098 MeV Level
Besides the transition to the 1.229 MeV state, and its 
associated radiation, the spectrum also contains three gamma rays of 
energies 0.967, 0.613 and 0.524 MeV. The first two, which have 
approximately equal intensities, do not fit into the 55Cr scheme but 
the three energies add to 2.098 MeV (within 6 keV). The possibility 
is open that the three lines represent a cascade through a previously
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Figure IV.9b: Coincidence gamma ray spectra associated with the decay
of individual levels of 55Cr. The solid curves are the results of 
a line-shape analysis.
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Figure IV.9c: Coincidence gamma ray spectra associated with the decay
of individual levels of 55Cr. The solid curves are the results of 
a line-shape analysis.
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unobserved l e v e l ,  which would have an e x c i t a t i o n  energy e i t h e r  o f  
1.135 MeV, o r  1.490 MeV. The 1.487 MeV i s  r u l e d  out  s i n c e  i t s  u n ­
ambiguous decay scheme i s  not  observed i n  t h i s  spec trum; i n  p a r t i c ­
u l a r ,  t h e r e  i s  no 1.487 -* 0.524 t r a n s i t i o n .
Comparison o f  the  s p e c t r a  t a ken  i n  bo th  the  wide and n a r ­
row windows showed t h a t  the  weak 0.573 MeV component a r i s e s  from 
con tam ina t ion  from the  2.031 MeV spectrum.
The peak n e a r  0 .88 MeV c o n t a in s  u n re s o lv e d  c o n t r i b u t i o n s  
from t r a n s i t i o n s  b and E (see t a b l e  IV .1 ) ,  thus  c om pl ica t ing  the  ex ­
t r a c t i o n  o f  b ranch ing  r a t i o s .  The d i f f i c u l t y  was overcome by sum­
ming the  i n t e n s i t i e s  of  the  H and K t r a n s i t i o n s  to  y i e l d  the  t o t a l  
s t r e n g t h  o f  the  branch  t o  the  1.229 MeV l e v e l .  The r e s u l t i n g  i n t e n ­
s i t i e s  o f  cascade r a d i a t i o n s  are i n t e r n a l l y  c o n s i s t e n t  and the  
b ranch ing  r a t i o s  a re  cons ide red  c o r r e s p o n d in g ly  r e l i a b l e .
IV .3 . 3 . 8  The 2.031 MeV Level
The reason  f o r  de lay in g  the  d i s c u s s i o n  o f  t h i s  spectrum i s  
t h a t  an e x p l a n a t i o n  was forthcoming only  in  te rms o f  the  s t a t e  a t  
1.135 MeV which was sugges ted  in  the  l a s t  s e c t i o n .  The i n t e r p r e t a ­
t i o n  o f  the  peak a t  0.893  MeV as the  decay t o  ground o f  the  s t a t e  o f  
t h a t  ene rgy ,  le ads  t o  i n c o n s i s t e n t  and anomalous r e s u l t s .  However, 
the  t r a n s i t i o n  from th e  2.031 to  the  1.135 MeV s t a t e ,  has almost  an 
e x a c t l y  equal  energy  and an ex p la n a t io n  i n c o r p o r a t i n g  t h i s  s t a t e  
leads  t o  c o n s i s t e n c y  i n  bo th  the  decay scheme and th e  r e l a t i v e  i n ­
t e n s i t i e s  o f  t h e  t r a n s i t i o n s .  As can be seen from t a b l e  IV .2, the  
decay i s  to  th e  ground and 0.573 MeV s t a t e s  w i th  a weak (6%) branch 
t o  t h e  1.135 MeV l e v e l .
IV .3 . 3 .9  The 2.283 MeV Level
Like th e  1.487 MeV s t a t e ,  t h i s  spectrum i s  unambiguous,
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Figure  IV.9d: Coincidence gamma ray  s p e c t r a  a s so c ia te d  with the  decay
o f  in d iv id u a l  le v e ls  of 55Cr. The s o l id  curves are  the  r e s u l t s  of 
a l in e -sh a p e  a n a ly s is .
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d i s p l a y i n g  t r a n s i t i o n s  from the  2.283 MeV l e v e l  to the  ground,  0.245 
and 0.573 MeV s t a t e s .  The background l e v e l  appears  to  be s l i g h t l y  
o v e re s t im a te d  g iv in g  an e x c e s s iv e ly  l a rg e  0.524 MeV peak and exceed­
ing  the  Compton t a i l  j u s t  below t h e  2.283 MeV peak ,  w i th  a subsequent  
poo r  f i t  to  the  peak i t s e l f .  The low va lu e  o f  th e  b ranch ing  r a t i o  to  
the  ground s t a t e  i s  a r e f l e c t i o n  of  the  s i t u a t i o n .
I V . 3 .3 .10  The 2.570 MeV Level
This spect rum s u f f e r s  from t h e  problem o f  the  d i f f i c u l t y  
of  observ ing  th e  h igh  energy l i n e s .  The h i g h e s t  c l e a r l y  d i s c e r n e d  
gamma ray  i s  from the  t r a n s i t i o n  2.570 -*» 0 .893 ,  and below t h a t ,  th e  
r a d i a t i o n  a s s o c i a t e d  wi th  the  decay th rough  th e  0.893 and 1.229 MeV 
s t a t e s  i s  e a s i l y  i d e n t i f i e d .  The p resence  o f  0 .524 ,  0.245 and 
0.573 MeV r a d i a t i o n  ( in  p a r t i c u l a r  the  f i r s t  o f  th e s e )  which do no t  
a r i s e  from c o n tam in a t io n ,  im pl ie s  the  e x i s t e n c e  o f  h i g h e r  energy 
l i n e s  bu t  only upper  l i m i t s  can be p la c e d  on the  b ranch ing  r a t i o s .
I V .3 .3 .11  The 2.622 MeV Level
The 2.622 MeV le v e l  decays p redom inan t ly  th rough  th e  0.524 
MeV s t a t e ,  and the  two corresponding  gamma rays  dominate th e  s p e c ­
trum. There i s  some ev idence of weak branches  to  th e  ground and the  
0.893 MeV s t a t e s ,  b u t ,  j u s t  as in  the  l a s t  c a s e ,  the  h i g h e r  energy 
l i n e s  a re  d i f f i c u l t  t o  de termine .  Weak con tam ina t ion  from the  2.570 
MeV spectrum f u r t h e r  com plica tes  the  spec t rum ,  so t h a t  on ly  two com­
ponents  could be p o s i t i v e l y  i d e n t i f i e d ,  y i e l d i n g  the  f i t  shown.
IV .3 .3 .12  The 2.695 MeV Level
The f i n a l  spectrum can be ad eq u a te ly  d e s c r ib e d  i n  terms o f  
t h e  decay o f  th e  2.695 MeV le v e l  to  the  ground,  0 .245 ,  0.524 and 
0.573  MeV s t a t e s ,  a l though  the f u l l  energy peaks  o f  t h e  h i g h e s t  
energy components a re  weak compared to  th e  background.
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Figure IV.9d: Coincidence gamma ray spectra associated with the decay
of individual levels of 55Cr. The solid curves are the results of 
a line-shape analysis.
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IV .3.4 Cons is tency  o f  I n t e n s i t i e s
A check on the  i n t e r p r e t a t i o n  and a n a l y s i s  o f  a decay 
spect rum i s  p rov ided  by the requ i rem en t  t h a t ,  w i th in  th e  l e v e l  o f  un ­
c e r t a i n t y  of  the  method,  the  t o t a l  i n t e n s i t y  of  r a d i a t i o n  p o p u la t i n g  
a s t a t e  i s  sub se q u en t ly  observed in  the  decay b ra n c h e s .  Because of  
the  f i n i t e  geometry in  t h i s  exper im en t ,  the  observed  i n t e n s i t y  o f  
any gamma ray  depends on the unknown a n g u la r  c o r r e l a t i o n  o f  the  r a d ­
i a t i o n ,  and adds to  the  t o t a l  e r r o r s  d i s c u s s e d  in  s e c t i o n  IV .3 .2 .
In the  r e s u l t s  in  t a b l e  IV .2, the  c o n s i s t e n c y  i s  g e n e r a l l y  very  good, 
e s p e c i a l l y  f o r  the lower energy s t a t e s .  For a l l  l e v e l s ,  the  d i s ­
agreement neve r  exceeds the e s t im a te d  20% e r r o r  i n  th e  i n t e n s i t i e s .
A g l a r i n g  excep t ion  t o  t h i s  g e n e r a l i z a t i o n  occurs  f o r  th e  0.245 MeV 
r a d i a t i o n  (and,  t o  a somewhat l e s s e r  e x t e n t ,  t h e  0.524 MeV r a y ) ,  f o r  
which the  i n t e n s i t y  was u n d e re s t im a te d ,  o f t e n  by as much as a f a c t o r  
of  2. Although the  l i n e  shape was found by e x t r a p o l a t i o n  beyond the  
0.320 MeV s tan d a rd  l i n e ,  the  f i t  in  the  f i r s t  spectrum o f  f i g u r e  
IV .9 shows t h a t  the  p rocess  i s  q u i t e  s a t i s f a c t o r y  and would no t  
account  f o r  the  d i s c r e p a n c i e s .  A more l i k e l y  e x p l a n a t i o n  i s  th e  im­
p o r ta n c e  of  the  background,  which i t s e l f  c o n t a in s  a peak a t  0.245 
MeV; and the  p o s i t i o n  o f  the  lower f i t  l i m i t ,  which was im media te ly  
below the  f u l l  energy peak.  The a re a  o f  th e  peak i s  sha red  between 
the i n t e n s i t i e s  o f  t h e  component and the  background,  w i th  the  l a t t e r  
a p p a r e n t ly ,  abso rb ing  an excess ive  s h a re .
IV .3.5 D iscuss ion  o f  the  Decay Scheme
A summary o f  the s p e c t r o s c o p i c  i n fo rm a t io n  on 5 iCr,  bo th  
from e a r l i e r  work and the  c u r r e n t  e x p e r im en t s ,  appears  in  f i g u r e  
I V . 10, and i s  d i s c u s s e d  in  terms o f  the  s i n g l e  p a r t i c l e  model.  The 
al lowed r a d i a t i o n  modes of  each observed t r a n s i t i o n  as de te rmined  by 
the  known, or  p r e f e r r e d ,  s p i n - p a r i t y  a s s ig n m e n ts ,  and in c lu d i n g  only
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F igure  IV .10: Decay scheme o f  55Cr from th e  r e s u l t s  o f  th e  p r e s e n t
work. The a lp h a b e t i c  code i s  e x p la in e d  in  t a b l e  I V .1. Notes 
on th e  s p i n - p a r i t y  a s s ig n m e n ts :
( i )  p rev io u s  d e te rm in a t io n
( i i )  from j-dependence
( i i i )  from gamma-ray t r a n s i t i o n s
( iv )  p r e f e r r e d  by s h e l l  model
(v) l = 0 (d ,p )  t r a n s i t i o n .
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Table IV.2
Relative intensities of the components used in the line shape 
analysis of each decay spectrum. For the primary transitions 
the branching ratios are given and, according to the spin- 
parities shown in figure IV.10, the allowed dipole/quadrupole 
radiation modes are also listed.
Level 
Ex (MeV)
Gamma Ray 
Code
Relative
Intensity
Branching 
Ratio (%)
Expected
Radiation
Mode
0.245 A 1.39 100 E2/M1
0.524 B 1.00 100 E2/M1
0.573 C 5.83 83 E2/M1
B 3.60
D 1.24 17 E2/M1
A 0.39
0.893 E 8.23 87 E2/M1
C 0.59
B 0.43
F 0.36 4 E2/M1
G 0.89 9 E2/M1
1.229 H 1.29 59 E2
E 0.52
J 0.19 9 E2/M1
B 0.26
K 0.72 32 E2/M1
1.487 L 13.0 44 E2/M1
M 3.62 12 Ml
N 13.2 44 E2/M1
C 12.3
D 0.94
A 2.59
2.031 P 10.8 28 El
Q 25.9 66 El
R 2.46 6 El
a 1.82
C 13.2
B 3.26
D 5.08
A 0.77
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Table IV.2 continued
r
Level 
Ex (MeV)
Gamma Ray 
Code
Relative
Intensity
Branching 
Ratio (%)
Expected
Radiation
Mode
2.098 H 8.56
S 12.1 47 El
b (+E) 17.6 53 El
a 10.9
C 2.35
B 3.59
K 5.05
2.283 c 2.34 16 El
d 5.81 39 El
e 6.94 45 El
C 5.65
D 0.64
A 5.25
2.570 f < 0.3 < 11 E2/M1
g < 0.4 < 15 E2/M1
h 1.40 52 E2/M1
j 1.31 48 E2/M1
H 0.82
E 1.15
C 0.14
B 0.88
K 0.28
A 0.08
2,622 k < 0.5 < 15 E2/M1
1 3.33 100 E2/M1
B 4.57
2.695 m 0.86 18 E2/M1
n 0.59 13 Ml
P 1.20 26 E2
q 1.99 43 E2/M1
C 1.10
B 0.80
D 0.25
A 1.24
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dipole or quadrupole radiation, are listed in table IV.2. The rela­
tive strengths of the various modes depend on the energy of the 
transition and the exact wave functions of the initial and final 
states. However, an order of magnitude estimate can be made within 
the framework of the individual particle model [B158]. The essen­
tial results are: (i) the energy dependence of radiation with multi­
polarity L is as E ^ + ^ £or electric or magnetic mode; (ii) for a 
given multipolarity, the electric mode is stronger than magnetic by
o
about an order of magnitude; (iii) the E2/M1 ratio has an E energyY
dependence and, for mass 55, is - 10"3 for E^ ~ 1 MeV, whereas, in 
general, the ratio is found to approach closer to unity.
The last result is of particular relevance because of the 
preponderance of negative parity states in 55Cr giving rise primar­
ily to transitions without parity change. Reference to table IV.2 
shows that all observed transitions between the negative parity 
states are of an allowed E2/M1 mode, with four being restricted to 
one mode or the other by angular momentum selection rules. No trend 
is apparent for the favouring of either mode as a function of energy, 
but this is hardly surprising owing to the strong dependence on the 
exact nature of the states involved. A more serious departure from 
the expected trends appears in the apparent inhibition of high 
energy transitions from the states above 2 MeV excitation. A prob­
able explanation is the difficulty to extract such lines from the 
high background level, so that the branching ratios are under­
estimated.
In the case of the three positive parity states, each of 
the observed transitions is an allowed El, as expected. Since, for 
single particle states, El is greatly enhanced over any other mode, 
it is highly probable that any branch strong enough to be observed,
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from a s t a t e  w i th  a known El decay ,  i s  a l s o  El .  Upon such an assump­
t i o n ,  the  t r a n s i t i o n s  to  the  1.135 MeV s t a t e  from those  a t  2.031 and 
2.098 MeV a re  cons ide re d  E l ,  thus unambiguously a s s ig n in g  a s p i n -  
p a r i t y  of  7/2 t o  th e  proposed  1.135 MeV s t a t e .  Such an ass ignment 
i s  n o t  i n c o n s i s t e n t  w i th  the r e s u l t s  of  e i t h e r  the  (d ,p )  o r  (d,py)  
e x p e r im en t s .  The observed  decay t o  the  0.524 MeV s t a t e  i s  an al lowed 
E2/M1 t r a n s i t i o n .  Fur thermore ,  the  n e g l i g i b l y  smal l  s t r i p p i n g  c r o s s -  
s e c t i o n  ag rees  w i th  the  e x p e c t a t i o n s  o f  th e  s h e l l  model,  i n  compar i­
son to  th e  weak (d ,p )  t r a n s i t i o n  to  the  1.229 MeV s t a t e  and the  e x ­
p e c t e d  l e v e l  o f  compound nucleus  c o n t r i b u t i o n .
I t  i s  d i f f i c u l t  to  e x p la in  the  f a i l u r e  t o  observe the  p o s s ­
i b l e  El decay o f  the  5/2 s t a t e s  a t  2.570 and 2.622 MeV t o  the  2.031 
MeV l e v e l ,  excep t  perhaps  by the smal l  t r a n s i t i o n  e n e r g i e s  concerned ,  
o r ,  more l i k e l y ,  by i n h i b i t i o n  of  the  El mode t o  w el l  below the 
s i n g l e  p a r t i c l e  e s t i m a t e .
I V . 3.6 Level Energ ies
I t  i s  r e i t e r a t e d  here  t h a t  th roughou t  th e  d i s c u s s i o n s  con­
t a i n e d  in  t h i s  work th e  l e v e l  en e rg i e s  o f  r e f e r e n c e  [Ma66] have been 
employed.  In the  p r e s e n t  a n a l y s i s ,  the  gamma r a y  e n e r g i e s  d e t e r ­
mined by th e  c a l i b r a t i o n  f u n c t i o n ,  e q u a t io n  IV .2, were i n  s u f f i c i e n t ­
ly good agreement w i th  th e  va lues  in  [Ma66] t o  unambiguously i d e n t i f y  
th e  s t a t e s  and t r a n s i t i o n s .  D ev ia t ions  o f  up t o  10 keV were observed  
w i th  a g e n e ra l  t r e n d  p roceed ing  from below the  e a r l i e r  r e p o r t e d  
e n e r g i e s  to  above.
From the  c a l c u l a t e d  gamma ray  e n e r g i e s ,  a s y s t e m a t i c  d e t e r ­
m ina t ion  was made o f  t h e  l e v e l  p o s i t i o n s ,  and the  va lu e s  are compared 
w i th  the  r e s u l t s  o f  t h r e e  e a r l i e r  r e f e r e n c e s  in  t a b l e  IV .3.
Although th e  peak p o s i t i o n s  could  be de termined  to  w i th i n  
about  one channe l ,  w i th  a co r responding  u n c e r t a i n t y  of  ± 3 keV, from
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Table IV .3
Comparison of  l e v e l  en e rg ie s  de termined  in  the  p r e s e n t  work 
w i th  the  r e s u l t s  o f  t h r e e  e a r l i e r  exper iments  o f  comparable 
accuracy .  Energ ies  are in  keV.
[Bj 64] 
(± 8)
[Bo65] 
(± 10)
[Ma66J
C± 10)
P r e s e n t  Work
C± i o )
248 241 245 240
523 517 524 521
574 564 573 5 70
890 879 893 882
- - - 1137
- 1213 1229 1220
1486 1470 1487 1483
2023 2008 2031 2026
2093 2078 2098 2099
2275 2260 2283 2284
- 2545 2570 2562
- 2596 2622 2630
- 2679 2695 2703
the  v a r i a t i o n s  encoun te red  between the  v a lues  de te rm ined  by cascade 
t r a n s i t i o n s ,  a more r e a l i s t i c  e r r o r  i s  ± 10 keV. Owing to  the  non ­
l i n e a r i t y  o f  the  c a l i b r a t i o n  f u n c t io n  in  the  lowes t  few ch an n e ls ,  
the  p o s i t i o n  of  the  f i r s t  e x c i t e d  s t a t e  was n o t  taken  from the 
t r a n s i t i o n  t o  ground ,  b u t  r a t h e r  from th e  .573 ->.245; th e  d i f f e r e n c e  
between th e  two d e t e rm in a t io n s  being 20 keV. The l a t t e r  va lue  i s  
c o n s i s t e n t  w i th  th e  t r e n d  r e l a t i v e  t o  r e f e r e n c e  [Ma66], which was 
mentioned above.  Within the  e r r o r s ,  th e  p r e s e n t  r e s u l t s  are c o n s i s ­
t e n t  w i th  th o s e  o f  [Bj64] and [Ma66] bu t  f av o u r  the  l a t t e r .  Since  
the  two d e t e r m in a t io n s  depend on independen t  methods o f  measurement,  
the  agreement between the  p r e s e n t  exper iment and the  r e s u l t s  of  
[Ma66] p ro v id e s  a degree o f  r e l i a b i l i t y  which h e r e t o f o r e  has been 
l a c k i n g .
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CHAPTER V 
CONCLUSIONS
This c h a p t e r  p r e s e n t s  a summary o f  the  main conc lu s ions  
t h a t  can be drawn from the  study o f  th e  t h r e e  r e a c t i o n s  d e s c r ib e d  in  
c h a p te r s  I I I  and IV.
An o p t i c a l  model a n a ly s i s  o f  t h e  r e a c t i o n  5l+Cr (d , d 0) 54Cr 
was performed a t  8 MeV and 11 MeV and was found to  be s u b j e c t  to  the  
u s u a l  d i s c r e t e  and con t inuous  am b igu i t i e s  which could n o t  be 
r e s o lv e d  from the  q u a l i t y  of the  f i t s  a lone .  ’Four f a m i l i e s  were ob­
se rved  which p ro v id ed  almost  e q u iv a le n t  f i t s  and,  f o r  each f a m i ly ,  a 
s l i g h t  p r e f e r e n c e  was apparen t  fo r  v a lu e s  o f  th e  r e a l  r a d i u s  in  the  
range 1.15 < r^  < 1.3 fm. A simple e x t e n s i o n  o f  the  re fo rm u la te d  
o p t i c a l  model of  Green lees  e t  a l .  [Gr68a] t o  in c lu d e  deu te ro n  s c a t ­
t e r i n g  showed t h a t  only  the  B type p a ra m e te r s  ( c o r re spond ing  t o  fo u r  
ha l f -w aves  i n  th e  n u c l e a r  well )  were c o n s i s t e n t  w i th  th e  s p in  and 
i s o s p i n  in dependen t  p a r t  o f  the  nuc leon -nuc leon  p o t e n t i a l .
The c a l c u l a t i o n s  proved q u i t e  i n s e n s i t i v e  to  the  s p i n -  
o r b i t  p o t e n t i a l .  At 8 MeV, the fo rce  could be removed w i thou t  s i g ­
n i f i c a n t  d e t e r i o r a t i o n  t o  the f i t ,  w hile  a t  11 MeV, a smal l  n e g a t iv e  
term ( r e l a t i v e  t o  th e  s ig n  of  &.s) was r e q u i r e d  t o  improve the  f i t  
a t  backward an g le s .  No in fo rm at ion  could  be d e r iv e d  r e g a r d i n g  the  
imaginary  te rm a t  e i t h e r  energy.
The a n g u la r  d i s t r i b u t i o n s  o f  p r o to n s  from t h e  r e a c t i o n  
54C r ( d , p ) 55Cr d i s p l a y e d  s t r i p p i n g  p a t t e r n s  c h a r a c t e r i s t i c  o f  £- 
va lues  which,  in  a l l  cases  but  one, agreed w i th  the  ass ignments  o f  
e a r l i e r  a n a l y s e s .  The d a t a  provided  an e x c e l l e n t  example of  ü = 1 
j -dependence  a l lowing  sp in  assignments to  be made on th e  b a s i s  o f  
th e  L e e - S c h i f f e r  e m p i r i c a l  r u l e .  The e f f e c t  was s t r o n g e s t  a t  the
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higher energy and for the states of lowest excitation, showing a 
probable dependence on the outgoing proton energy. The £ = 3 distri­
butions also displayed an effect consistent with the observations of 
Denning et al. [De68], by which each level, except the weakly popu­
lated 1.229 MeV state, could be tentatively assigned a spin of 5/2. 
This result is in agreement with the expectations of the shell model.
Calculations with the DWBA, employing optical model para­
meters derived from the elastic scattering analysis, provided satis­
factory fits only at forward angles, and to gain a fit over the 
whole angular range, the real well depth of the deuteron potential 
required to be increased by about 10%. To reproduce the observed 
Lee-Schiffer effect in the £ = 1 distributions, it was necessary to 
introduce a "small" geometry for the deuteron spin-orbit well, which 
had been previously used by other authors in analyses of cross- 
sections and polarizations following both deuteron scattering and 
(d,p) reactions.
The discrepancy between the optical model parameters and 
those required in the DWBA, is not without precedent and demon­
strates the failure, for some nuclei, of extrapolating the optical 
model wave function to the vicinity of the nuclear surface. Despite 
this disagreement, it is a valuable exercise to employ the DWBA as a 
semi-empirical tool by adjusting the parameters to fit distributions 
with a known transferred j-value and then to apply those parameters 
to levels of unknown spin in order to enhance the empirical observa­
tions and extend the usefulness of j-dependence to regions where the 
empirical rules are invalid. This procedure was implemented in the 
present experiment by fitting the distributions with parameters 
which were consistent with earlier calculations on the reactions
50Cr(d,p)51Cr and 5zCr(d,p)53Cr.
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The r e l a t i v e  va lues  o f  s p e c t r o s c o p i c  f a c t o r s  o b ta in e d  from 
the  DWBA f i t s ,  proved f a i r l y  i n s e n s i t i v e  t o  th e  ex ac t  method of  
e x t r a c t i o n  and agreed f avou rab ly  with e a r l i e r  d e t e r m i n a t i o n s .  How­
e v e r ,  the  a b s o lu t e  va lues  were s t r o n g l y  dependent  on the  geometry 
and s p i n - o r b i t  s t r e n g t h  o f  the bound s t a t e  p o t e n t i a l .  By imposing 
th e  c o n d i t i o n  which,  accord ing  to the  r e fo rm u la te d  o p t i c a l  model,  
connec ts  the  geometry o f  the  c e n t r a l  p o t e n t i a l  and the  mean square  
m a t t e r  r a d i u s ,  s t a b i l i t y  o f  the  ab s o lu t e  s p e c t r o s c o p i c  f a c t o r s  was 
ach ieved  over  a wide range  o f  va lues  o f  t h e  geometry.
From the  s p e c t r o s c o p i c  f a c t o r  sum r u l e s ,  and th e  sp in  
ass ignments  based  on j - d e p e n d e n c e , a s im ple  p i c t u r e  of  the  ground 
s t a t e  of  54Cr was c o n s t r u c t e d  based on a c lo se d  l f ^ ^  n e u t ro n  s h e l l  
with  the  l a s t  two n eu t ro n s  r e s i d i n g  in  th e  2 p ^ ? , 2p ,^ and l f ^ ^  su b ­
s h e l l s .  The spec trum of  55Cr was then e x p l a in e d  in  terms o f  the  
f r a g m e n ta t io n  o f  the  same t h r e e  s i n g l e  p a r t i c l e  s t a t e s  coupled to  
th e  54Cr co re .  The c e n t r o i d  e n e rg i e s  and s p i n - o r b i t  s p l i t t i n g  were 
in  agreement w i th  th e  extreme s i n g l e  p a r t i c l e  model.
The gamma r a y  decay scheme o f  t h e  low - ly ing  s t a t e s  i n  55Cr 
was measured by th e  r e a c t i o n  54C r ( d , p y ) 55Cr t o  augment th e  s p e c t r o ­
s c o p ic  in f o r m a t io n  o b ta in e d  from the  (d ,p)  a n a l y s i s .  T h i r ty - tw o  
t r a n s i t i o n s  were ob se rv ed ,  a l l  o f  which,  on the  b a s i s  o f  the  j -  
dependence s p in  a s s ig n m e n ts ,  were a t t r i b u t e d  t o  E l ,  Ml or  E2 r a d i a ­
t i o n  modes. The s p e c t r a  a s s o c i a t e d  wi th  th e  decay o f  t h e  2.031 MeV 
and 2.098 MeV l e v e l s ,  each r e q u i r e d  t h e  p r o p o s a l  o f  a p r e v i o u s l y  u n ­
observed  s t a t e  a t  1.135 MeV, which,  t o  be c o n s i s t e n t  w i th  r e l a t e d  
i n f o r m a t io n ,  r e q u i r e d  a s p i n - p a r i t y  ass ignment o f  7/2 . The l e v e l  
e n e rg i e s  de te rmined  i n  t h i s  experiment were o f  comparable accuracy  
and in  c lo se  agreement w i th  e a r l i e r  v a l u e s .
The sum t o t a l  o f  s p e c t r o s c o p i c  i n f o r m a t i o n  d e r iv e d  from
160
the (d,p) and (d,py) experiments provided a self-consistent descrip­
tion of the states of 55Cr up to 3 MeV excitation which was founded 
upon spins assigned by the observation of j-dependence. Although 
such assignments are model dependent, essentially empirical and, as 
such, purely tentative, the agreement between the two sets of exper­
imental results and the predictions of the single particle shell 
model provides a degree of reliability which, because of the nature 
of the measurements, would otherwise be lacking.
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